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Abstract
Biomaterials play pivotal roles in tissue engineering, as they can be used to produce scaffolds
for tissue formation and serve as functional carriers for drug or cell delivery. The ability to support
cell adhesion and tissue adhesion are critical properties of biomaterials to facilitate cell function
and integration between implants and host tissues. Mussels can strongly adhere to various
substrates due to the abundant catechol groups in the foot proteins. Catechol is reactive with both
organic and inorganic substances, which has inspired research into developing catecholfunctionalized materials for multiple applications. The adhesion to organic surfaces such as
tissues makes catechol-functionalized materials attractive as tissue adhesive. Moreover, the
versatile chemistry of catechol provides multiple strategies for producing hydrogels for tissue
engineering. The aim of this project is to utilize the catechol chemistry to develop catecholfunctionalized biomaterials and exploit their applications in tissue engineering.
Hyaluronic acid (HA) was chosen as the backbone for catechol conjugation mainly attributed
to its multiple biological activities. The crosslinking conditions of catechol-functionalized HA
(HACA) were optimized, the adhesion, swelling and degradation behaviour of the crosslinked
hydrogels were characterized. The HACA-based material demonstrated good adhesion to
hydrogels derived from collagen and gelatin that act as a simplified soft tissue model, and to
porcine skin tissue. Moreover, it supported culture of a human umbilical vein endothelial cell line
(HUV-EC-C) with high cell viability and formation of capillary-like structure. This may bring
added benefit by means of promoting angiogenesis, therefore promoting the integration between
host tissue and implant. The results indicate that the HACA-based material could be a promising
tissue adhesive for multiple internal uses.
Secondly, HACA was developed as an ink for 3D printing scaffolds and the catechol
chemistry was used as a novel crosslinking strategy. A coaxial printing approach was designed
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here: alginate was mixed with HACA and delivered in the core to form a double network with
high fracture toughness and elasticity; to promote adhesion and migration of various cell types,
gelatin was introduced in the shell and conjugated to HACA via Michael addition between the
catechol groups of HACA and amine/thiol groups of the proteins. The printed constructs
demonstrated high cytocompatibility and supported the differentiation of myoblasts into aligned
myotubes. The catechol functionalized ink can be further modified to target various applications
in soft tissue engineering.
To further broaden the application of the HACA/alginate ink in tissue regeneration, a new
approach was developed to produce tough and elastic scaffolds with built-in micro channels that
simulate the vascular structure. This was then tested using a skin model. The mechanical support
stemmed from the double network based on HACA and alginate, the micro channels were
generated using sacrificial gelatin. HACA/alginate and gelatin were firstly printed using a 3D
extrusion printer. Thrombin-free fibrinogen were then mixed with human dermal fibroblasts
(HDFs) and introduced to the printed scaffolds to induce gelation. An immortal human
keratinocyte cell line (HaCaTs) was introduced on top of the cellular construct to mimic the full
thickness skin structure. The printed scaffolds demonstrated high elasticity and supported the
formation of a double-layered cell-laden skin like structure.
In conclusion, the HACA based materials displayed excellent cytocompatibility and
adhesion to tissues. The HACA based ink system together with the 3D printing technology
described here also provides a foundation platform for soft tissue engineering such as skeletal
muscle and skin.
Keywords: Catechol functionalization. Mussel inspired, Tissue adhesive, 3D printing,
Tissue engineering, Biomaterials.
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channels) (F) F-actin and nuclei stained HDFs grown along the inner channels at day 7. (Scale
bar=50 µm)
Figure 4.6. (A) Histological images of the fabricated double-layered skin like constructs after 14
days’ culture. (B) K10, E-cadherin, involucrin and loricrin stained epidermis of the double-layered
constructs after 14 days’ culture. (D) Collagen I, collagen III, fibronectin and elastin-stained
dermis of the double-layered constructs after 14 days’ culture. (Scale bars=50 µm)
Figure 4.7. K10, E-cadherin, involucrin and loricrin stained epidermis of HaCaTs only on the
scaffolds after 14 days’ culture. Collagen I, collagen III, fibronectin and elastin stained constructs
with HDFs only in the scaffolds with or without channels after 14 days’ culture. (Scale bars=50
µm)
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Chapter 1 General Introduction

1.1 Introduction
Tissue engineering is a multidisciplinary field that involves biological, chemical,
pharmaceutical and material sciences, aimed at repair or replacement of defective tissues.[1-3]
Biomaterials play pivotal roles in tissue engineering, as they can be used to produce scaffolds to
facilitate tissue formation and functional carriers for drug or cell delivery.[4-7] The ability to
support cell function and good adhesion to tissue are critical properties of the biomaterials in order
to facilitate both structural and functional integration between implants and host tissues.[7-9]
Various kinds of materials including synthetic polymers, natural polymers, and metallic materials,
have been exploited for tissue engineering. For the non-bioactive materials such as most synthetic
polymers and metallic materials, modification with biomolecules that favour cell adhesion is
necessary to facilitate cell functions.[10-12] Along with the ability to promote cell adhesion, good
adhesion of the biomaterials to tissue is important to promote the integration between implants
and tissues.[13-15] To this end, the functionalization of polymers with catechol groups that can
interact with the matrix in native tissues under mild and wet condition has become an attractive
option in recent years.
The strong wet adhesion of mussels’ foot proteins to various substrates is well known and
has inspired extensive mussel-mimetic studies to produce adhesive materials for multiple
applications.[16-19] The adhesion mainly comes from the reactive catechol groups that encode
foot proteins, which possess versatile chemistry as shown in Figure 1.1A. The typical interactions
of catechol involve metal coordination, bidentate hydrogen bonding, π-π stacking, cation-π
interaction, dopa-quinone coupling, Michael addition with amine and thiol groups.[17, 20, 21]
The formation of dopa-quinone coupling can lead to self-crosslinking of catechol-bearing
materials under alkaline conditions or oxidation. The ability of self-crosslinking and the Michael
addition between catechol and amine/thiol groups at mild conditions has inspired the development
of catechol-functionalized polymers as adhesive materials for tissue engineering, as there are
abundant amine and thiol groups in the matrix of tissue.[22] The reactive catechol groups can also
3
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be utilized as anchors for conjugation of biomolecules on non-bioactive scaffolds.[23]
Additionally, the versatile chemistry of catechol also provides novel crosslinking strategies for
engineering hydrogel in tissue engineering.[24]

Figure 1.1. (A) Typical chemistry of catechol. (B) The number of publications on catecholfunctionalized polymers for applications in tissue engineering, determined by searching and
sorting out for the topics “catechol polymer”, “dopamine polymer”, “mussel-inspired polymers”
from the Web of Science.
4
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As depicted in Figure 1.1B, most early research has focused on the development of catecholfunctionalized polymers as tissue adhesives, coatings and drug carriers for drug delivery.[22, 2527] More recently, increasing attention has been paid to developing catechol-functionalized
hydrogels for cell delivery, and inks for 3D printing bio scaffolds. In this chapter, the research on
catechol-functionalized polymers used for tissue engineering is reviewed, from material design
to targeted applications. The aims of the thesis are also discussed.

1.2 Design and synthesis of catechol-functionalized polymers
1.2.1 Selection of polymer backbones
Both synthetic and natural biopolymers have been used for catechol-functionalization.
Synthetic polymers offer several advantages over natural polymers including tunable mechanical
properties and physicochemical properties. In addition, most synthetic polymers are cost-effective
and more reproducible in structure and properties than natural biopolymers. Despite these
advantages, most synthetic polymers lack bioactive moieties that support cell adhesion and
functions. Therefore, they are usually modified with moieties that favour cell-material interactions
for applications in tissue engineering. The key advantage of natural biopolymers, including
proteins and polysaccharides, is that they offer various binding sites for cell adhesion, and thus
promoting cell functions. And it is now popular to develop multi-materials, especially a
combination of synthetic and natural polymers, in order to achieve desired bio functions and
physicochemical properties. All the polymers that have been used as backbones for catecholfunctionalization are listed in Table 1.1 (synthetic polymers) and Table 1.2 (natural polymers).
Their properties and potentials are discussed individually as shown below.
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Table 1.1. Synthetic polymers that have been used for catechol-functionalization.
Polymer
Hydrophilic

Chemical structure

Poly(ethylene

Reference

[28-50]

glycol) (PEG)
Poly(acrylic acid)

[32, 40, 51-

(PAA) and

62]

derivatives

Poly-L-lysine (PLL)

[47]

Poly(sulfobetaine
methacrylate)

[32, 40]

(PSBMA)

Poly(methacryloylox
yethyl

[58]

phosphorylcholine)
(PMPC)

Poly(aspartic acid)

[63-65]

(PAsp)

Poly(L[64]

phenylalanine)
(PPhe)
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Poly(diol citrate)

[66, 67]

(PDC)

Polyoxazoline

[68]

Ureido-pyrimidinone

[69, 70]

(Upy)-polymer

Poly(2(methacryloyloxy)[40, 49]

ethyl)
trimethylammonium
iodide (PMETA)
Poly(sodium 4-

[40]

vinylbenzenesulfonat
e) (PSS)

Poly(1-vinyl-2-

[40]

pyrrolidone) (PVP)
Hydrophobic

Polyethyleneimine

[71]

Poly(lactic acid)

[28]

(PLA)

Polystyrene

[72, 73]
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Thermal

Poly (ethylene

responsive

oxide)[74-78]

poly(propylene
oxide) (PEO-PPO)
block
Poly(N-

[59]

isopropylacrylamide)
(PNIPAM)
Poly(N-

[53, 54]

vinylcaprolactam)
(PVL)

1.2.1.1 Synthetic polymers
Poly(ethylene glycol) (PEG). PEGs are hydrophilic polymers synthesized from ethylene
oxide, and has been widely used in tissue engineering due to their excellent biocompatibility.[134]
They are also the most used synthetic polymers for catechol-functionalization so far (Table 1.1).
PEGs can be synthesized into a linear form or branched form with various chain length, providing
end sites for functionalization of reactive groups. The end-functionalized PEGs have multiple
applications attributable to the ease and versatile functionalization of end sites.[135] Both linear
and multi-arm PEGs have been functionalized with catechol groups.[31, 136] The catechol-PEGs
could form an interconnected hydrogel network via dopa-quinone coupling of catechol induced
by oxidation, when two or more catechol groups were conjugated on a single PEG molecule.[136]
The commonly used architecture was 4-arm PEG with 4 end groups functionalized by catechol
(PEGD4).[30, 31, 34-36, 44, 46] The PEGD4 could form gel by oxidation using sodium
periodate,[30] metal-coordination with metal cations,[44] and through phenylborate-catechol
complexation with phenylboronic acid modified PEG.[35] For catechol-PEGs with a higher
number of arms (i.e., 6 and 8-arm PEG), a moldable nanocomposite hydrogel could also form
8
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through incorporation of nanosilicate Laponite, which led to auto oxidation and dopa-quinone
coupling of catechol.[33] These catechol-PEGs have the potential for use as bioadhesives. The
properties of the catechol-PEG gels can be tuned by incorporation of other polymers of interest
such as gelatin and Poly-L-Lysine (PLL) into the backbones.[38, 48]. Especially for multi-arm
PEGs, the end groups can be partially functionalized with catechol, leaving the rest of the end
groups available for modification with other functional groups or other types of polymers to
improve the biological and/or physiochemical properties of the resultant polymer networks. In
addition to serving as adhesive hydrogels, catechol-PEGs were also attractive carriers for drug
delivery, which is attributed to the ability of PEG to resist nonspecific interactions with proteins
and cells.[45, 47]
Poly(acrylic acid) (PAA) and derivatives. Acrylic acid and its derivatives such as
methacrylic acid have proven to be a useful tool for the synthesis of catechol-bearing polymers
and copolymers with high density of catechol.[51-53, 61] Acrylic acid and methacrylic acid
monomers can easily undergo free radical polymerization to form PAA and poly(methacrylic acid)
(PMA) attributed to the vinyl groups, while the carboxyl groups can provide convenience sites
for chemical modification to introduce catechol moieties. There are two approaches to synthesize
catechol functionalised PAA/PMA.[56, 60] The first one is through direct conjugation of catechol
onto the backbone of PAA/PMA. The other one is through free radical polymerization of catecholbearing monomers.[55, 59] In the latter approach, the catechol-bearing monomer can be
copolymerized with other functional monomers to introduce properties of interest.[32, 40, 58]
Poly (ethylene oxide)-poly(propylene oxide) (PEO-PPO) copolymers. Typical PEO-PPO
copolymers such as Pluronics are thermo-responsive and low toxic polymers.[137, 138] The
ability of sol-gel transition of these PEO-PPO at body temperature makes them attractive as
engineering gels for biomedical applications.[139] To improve the bioadhesive properties of PEOPPO, Huang et al. introduced catechol groups at the end sites of the polymers.[74] Barrett et al.
modified a commercial four-arm PEO-PPO copolymer with catechol groups conjugated to the
9
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four end groups.[76] By incorporation of other polymers such as amine-bearing peptides and
catechol bearing PMA, the mechanical and adhesive performance of catechol-PEO-PPO could be
further improved.[75, 77]
Synthetic poly amino acids. PLL is rich in amine groups and has been widely used in
biomedical applications to promote cell and tissue adhesion.[140] The abundant amine groups
provide reactive sites to catechol. By incorporation catechol-PLL with hydrophilic PEG and
hydrophobic polycaprolactone (PCL), Wu et al. developed a trilayer amphiphilic carrier for pHresponsive drug delivery.[47] Poly(aspartic acid) (PAsp) and Poly(L-phenylalanine) (PPhe) have
also been used for catechol functionalization via simple ring-opening reaction with dopamine,
forming functional hydrogels for cell and drug delivery.[63-65]
Other synthetic polymers. Zwitterionic polymers have shown excellent biocompatibility
and antimicrobial properties.[141] Catechol-bearing copolymers containing typical zwitterionic
polymers such as poly(sulfobetaine methacrylate) (PSBMA) and poly(methacryloyloxyethyl

phosphorylcholine) (PMPC) have demonstrated good hydrophilicity and biocompatibility.[32,
40, 58] Hydrophobic polymers such as PCL and poly(lactic acid) (PLA) are also used for multiple
biomedical applications.[142-144] They have been copolymerized with catechol-PEG to form
adhesive

hydrogels.[28,

29,

47]

Thermo-responsive

polymers

such

as

poly(N-

isopropylacrylamide) (PNIPAM) and poly(N-vinylcaprolactam) (PVL) have also been
functionalized with catechol for applications such as thermos-responsive drug delivery.[53, 54,
59]. Other hydrophilic polymers such as polyoxazoline, polyethyleneimine, poly(sodium 4vinylbenzenesulfonate)

(PSS),

poly(1-vinyl-2-pyrrolidone)

(PVP),

and

poly(2-

(methacryloyloxy)-ethyl) trimethylammonium iodide (PMETA) ureido-pyrimidinone (UPy)polymer, and poly(diol citrate) (PDC) have also been used for catechol-functionalization
targeting at applications as functional hydrogels.[40, 49, 66-71]
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1.2.1.2 Natural polymers
Table 1.2. Natural polymers that have been used for catechol-functionalization.
Polymer

Chemical structure

Hyaluronic acid (HA)

[79-101]

[43,

Chitosan

82,

102-116]

Alginic acid

[117-122]

[48,

Gelatin

123-

128]

Ɛ-polylysine (EPL)

Collagen

Reference

[38, 129]

NA

[130]

Heparin

[131]
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Chondroitin sulfate (CS)

Bovine serum albumin
(BSA)

[132]

NA

[133]

Hyaluronic acid (HA). HA is an extracellular matrix component composed of a repeating
disaccharide unit of D-glucuronic acid and D-N-acetylglucosamine.[145] It is the most popular
natural polymer used for catechol functionalization.[146] The advantages of HA in applications
in tissue engineering mainly include the bioactivities of both HA and its degraded products,[147,
148] the viscoelastic property,[149] and commercial availability through microbial
fermentation.[150] The carboxyl groups in HA often act as reactive sites for conjugation of
catechol through carbodiimide coupling chemistry.[85, 101] To improve the degree of
functionalization, Zhou et al. grafted catechol on dialdehyde-HA through a more efficient Schiff
base reaction between amine groups and aldehyde groups.[79] Catechol-HA can form hydrogel
through polymerization of the catechol groups, and it has been developed for multiple applications
such as tissue adhesive,[81, 83] surface modification,[87, 90] cell delivery,[86, 91] drug
delivery,[84, 151] and inks for 3D printing bio scaffolds.[98] Catechol-HA hydrogels have shown
improved cytocompatibility compared to conventional methacrylate-HA hydrogels.[92, 93]
Except for acting as reactive groups enabling self-polymerization of catechol-HA, catechol
groups can also be kept free to provide antioxidant property and dynamic adhesion to tissues. For
example, Zhang et al. functionalized HA with both catechol and methacrylate groups, gelation of
HA was attributed to the polymerization of methacrylate groups, resulting in free catechol
groups.[99] In another example, Koivusalo et al. used hydrazone to crosslink catechol-HA, also
resulting in hydrogels with free catechol groups.[91] The free catechol groups protected cells from
oxidative stress by radical scavenging and provided dynamic adhesion to tissues through
12
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hydrogen bonding and π-π stacking.
Chitosan. Chitosan is a cationic polysaccharide composed of glucosamine and N-acetyl
glucosamine units, obtained through deacetylation of naturally existed chitin.[152] It is also an
extensively used natural polymer functionalized with catechol for applications in tissue
engineering. The abundant amine groups along the backbone of chitosan are responsible for most
of the bioactivities of chitosan such as mucoadhesion, antibacterial activity and analgesic
effect.[153] They are also reactive groups for the conjugation of catechol through carbodiimide
coupling chemistry.[43, 108] The functionalization of catechol improved the water solubility and
adhesion of chitosan.[80, 116] Catechol-chitosan can be used as mucoadhesive for drug delivery,
benefitted from the intrinsic mucoadhesion of chitosan and cohesion of catechol.[104, 109] It can
also be developed as injectable adhesive hydrogels,[106] adhesive coatings,[82, 110] and bioink
for 3D printing.[114] Gelation of catechol-chitosan could be achieved through various chemistry
of both catechol and amine groups.[103, 107, 112, 115] Except for chitosan, derivatives of
chitosan such as sulfated chitosan, succinyl chitosan and glycol chitosan were also used for
catechol functionalization. Catechol could be directly conjugated onto sulfated chitosan without
the aid of carbodiimide chemistry.[111] Glycol chitosan and succinyl chitosan has shown
improved solubility and cytocompatibility compared to unmodified chitosan.[154, 155] Their
catechol functionalized forms also exhibited reduced immune responses while maintaining
similar adhesive properties as with catechol-chitosan, and it could be a promising alternative to
catechol-chitosan.[102, 105]
Alginate. Alginate is an anionic polysaccharide composed of D-mannuronate and Lguluronate residues.[156] It has been widely used for applications in tissue engineering attributed
to excellent biocompatibility, degradability and facile gelation via multivalent ionic
crosslinking.[157, 158] The carboxyl groups along the backbone provide reactive sites for
conjugation of catechol via carbodiimide chemistry.[120, 121] The catechol-alginate has been
developed as tissue adhesive,[122] and scaffolds for bone engineering.[119] Oxidized alginate
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bearing aldehyde groups has also been used for catechol functionalization via Schiff base reaction
between the aldehyde groups and amine groups in dopamine.[117] The catechol-oxidized alginate
exhibited enhanced adhesion with incorporation of Poly(lactide-co-glycolide) (PLGA)
nanoparticles.[117]
Gelatin. Gelatin is a natural polymer derived from collagen, a protein that plays pivotal roles
in extracellular matrix.[159] Gelatin and its derivatives have been extensively used as scaffolds
for tissue engineering due to their high bioactivities that support cell adhesion and functions.[160,
161] Modification of gelatin with catechol could improve the adhesion to tissues, and provide
active groups for crosslinking or secondary conjugation of other molecules, thus expanding the
applications of gelatin in tissue engineering. Modification of gelatin with catechol moities can be
achieved through various chemistries as there are abundant amine and carboxyl groups in the
polymer backbone acting as reactive groups for the conjugation of catechol. For example, catechol
could be directly conjugated onto the carboxyl groups through carbodiimide chemistry,[48, 123]
or using methacrylic and bifunctional PEG as crosslinkers to connect the amine groups in gelatin
and catechol-bearing dopamine.[127] Catechol modified gelatin has been developed as tissue
adhesives,[123, 125] adhesive hydrogels for cell and drug delivery,[48, 124, 128] and scaffolds
for tissue regeneration.[126, 127]
Other naturally derived proteins and glycosaminoglycan. Ɛ-polylysine (EPL) is a
naturally occurring form of polylysine which has shown excellent antimicrobial activity.[162]
Lysine residues are rich in mussels’ foot proteins, providing synergistic adhesion to catechol
groups through surface salt displacement.[163] Catechol-EPL has shown antimicrobial property
and excellent wet adhesion to tissues which is promising for wound healing.[38, 129] The
extracellular matrix protein, collagen, has also been functionalized with catechol to improve the
mechanical properties of collagen hydrogels.[130] Bovine serum albumin (BSA) is a natural
and biocompatible protein that has also been used as the backbone for catechol functionalization.
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The catechol modified BSA showed excellent adhesion and in vivo biocompatibility, and could
be further exploited as an internal-use tissue adhesive.[133] Yao et al. developed a catecholheparin modified graphene scaffold for osteogenic differentiation.[131] Modification of heparin
with catechol groups was shown to improve the binding ability to bone morphogenetic protein,
which could induce osteogenic differentiation. Chondroitin sulfate (CS) is a natural polymer
composed of sulfated glycosaminoglycan and has been exploited for tissue engineering.[164]
Catechol modified CS was able to undergo fast gelation within 60 s under oxidation, and exhibited
high cytocompatibility to human mesenchymal stem cells.[132]
1.2.2 Approaches for the synthesis of catechol-functionalized polymers
1.2.2.1 Direct conjugation of catechol onto polymers
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Figure 1.2. Approaches for direct conjugation of catechol on polymers.
The chemistries involved in direct catechol conjugation on polymers are shown in Figure
1.2. The most commonly used one is amidation between carboxyl and amine groups using
coupling reagents. One type of coupling involves carbodiimide chemistry using 1-ethyl-3-(3dimethylaminopropyl) carbodiimide/N-hydroxysulfosuccinimide sodium salt (EDC/NHS)
reagents. This approach applies to most polymers bearing carboxyl groups or amine groups.
Polymers with carboxyl groups such as hyaluronic acid, alginate, heparin, and CS, can react with
the amine groups in catechol-bearing dopamine to introduce catechol groups.[81, 122, 131, 132]
Polymers with abundant amine groups such as chitosan and polylysine, can react with carboxyl
groups in catechol-bearing hydrocaffeic acid to introduce catechol groups.[47, 102, 129] Another
type of coupling involves solid phase peptide chemistry using hexafluorophosphate benzotriazole
tetramethyl

uronium/hydroxybenzotriazole

(HBTU/HOBt)

or

hexafluorophosphate

azabenzotriazole tetramethyl uronium/1-hydroxy-7-azabenzotriazole (HATU/HOAt) as coupling
reagents. The reaction is conducted in an organic solvent and has been used mostly for synthetic
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polymers, especially those with low hydrophilicity.[29, 30, 70]
Schiff base reaction has been used for catechol functionalization through the reaction
between amine and aldehyde groups. For example, catechol-bearing 3,4-dihydroxybenzaldehyde
was used to react with the amine groups in collagen for introduction of catechol functionality.[130]
Oxidized alginate and hyaluronic with aldehyde groups can react with the amine groups in
dopamine to introduce catechol.[79, 165] For PEG with hydroxyl end groups, p-nitrophenyl
chloroformate (PNC) was used to activate the hydroxyl groups to form esters, followed by
nucleophilic addition of the amine group in dopamine.[38, 48] Acid chloride derivative of
hydrocaffeic acid has also been used for direct conjugation on hydroxyl group-bearing
polymers.[54, 110] In another case, thiourea-catechol was synthesized and then reacted with the
amine groups in gelatin to mimic the thiol-rich mussels’ foot protein-6.[124] 2-chloro-3’,4’dihydroxyacetophenone was used for direct conjugation on poly(dimethyl amino ethyl
methacrylate-co-t-butyl methacrylate) (poly(DMA-co-MEA)) via quaternization.[56] In esterbearing polymers, dopamine can directly react with the ester via nucleophilic addition to form
amides.[49]
1.2.2.2 Polymerization of catechol-bearing monomers

a.

c.

b.

d.
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a.

b.
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Figure 1.3. Polymerization of catechol-bearing monomers. (1) Radical polymerization of
catechol-bearing vinyl monomers. (2) Radical polymerization of catechol-bearing vinyl
monomers with vinyl-polymers. (3) Ring-opening reaction of polysuccinimide with dopamine.
(4) Ring-opening polymerization of N-carboxyanhydride (NCA). (5) One-pot melt
polycondensation.
Polymerization of catechol-bearing monomers is an effective strategy for synthesis catecholbearing polymers with high content of catechol and tunable backbones. The approaches that have
been used for the synthesis catechol-functionalized polymers via polymerization of monomers are
shown in Figure 1.3. The most frequently used catechol-bearing monomer is dopaminemethacrylate (DMA) or its derivative, which can undergo free radical polymerization through
vinyl groups, resulting in free pendant catechol groups along the backbone.[51, 166] DMA was
usually copolymerized with other monomers such as methacrylamine, 3-acrylamido
phenylboronic acid, SBMA, and 2-methoxyetheyl acrylate, NIPAM for optimal physicochemical
properties.[32, 52, 55, 59] 3,4-dimethoxystyrene is another catechol bearing monomer with a
vinyl group that can be easily copolymerized with styrene to form polystyrene backbone with
pendant catechol groups.[73] Jiang et al. synthesized a catechol-bearing monomer with two N,N’methylenebisacrylamide group that could undergo free radical copolymerization with
methacrylate-gelatin through vinyl groups to form an adhesive hydrogel.[125]
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Except for vinyl-mediated polymerization, ring-opening reaction was also introduced in the
synthesis of catechol-bearing polymer. For example, catechol-bearing N-carboxyanhydride
(NCA) can undergo polymerization via ring-opening polymerization of NCA.[28] Catechol-NCA
can also be copolymerized with other amino acid-bearing NCA to introduce polypeptides in the
backbone.[64,75] Another example is polysuccinimide, which is a polymer that can undergo ringopening reaction with amines, and a catechol-bearing PAsp derivative was obtained by successive
ring-opening reactions of polysuccinimide with dopamine and ethanolamine.[63] One-pot melt
polycondensation has also been exploited for synthesis catechol-bearing polymers, which is an
additive-free method that allows copolymerization of dopamine, citric acid and diols.[66, 67]

1.3 Applications of catechol-functionalized polymers in tissue engineering
1.3.1 Adhesives for hemostasis and wound healing
Most of the research involving catechol-functionalized polymers has focused on developing
adhesives due to the well-known wet adhesion of catechol. Examples of catechol-based tissue
adhesives and their respective adhesive strength values to native tissues are presented in Table
1.3. The adhesive strength is generally related to both the content of catechol and the mechanical
strength of the adhesive matrix. For example, catechol modified PEGs have shown limited
adhesion below 10 kPa mainly due to the low content of catechol groups in the polymers, as PEGs
could only provide end groups for functionalization.[31, 50] A common approach to improve the
adhesive strength of synthetic polymer is to design copolymers to improve the mechanical
strength of the matrix. For example, Wang et al. developed an catechol-functionalized EPL-PEG
adhesive, which exhibited an adhesive strength of ~150 kPa attributed to the synergistic adhesion
from lysine residues.[38] The adhesive strength is much higher than the catechol-EPL without
PEG.[129] PEO-PPO copolymers such as Tetronic and Pluronic have also been used for
developing catechol-functionalized adhesives with the adhesive strength of ~50 and ~106 kPa,
respectively.[75, 76]
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Another way to improve the adhesive strength of polymers is to increase the content of
catechol groups. For example, poly(dopamine methacrylate) (PDMA) based adhesives
synthesized from polymerization of catechol-methacrylate monomers demonstrated much higher
adhesion than that from post conjugation of catechol on the polymethacrylate, which was
attributed to the higher content of catechol than that from the post conjugation method.[53, 54]
The PDMA-based adhesives made from catechol-bearing monomers have shown high adhesion
to tissue surface due to the high content of catechol groups along the backbone. For example, Lee
et al. developed a catechol-bearing copolymer poly(DMA-co-MEA), which demonstrated ~9
MPa adhesion to dentin surface.[55] Another copolymer containing PDMA demonstrated ~750
kPa adhesion strength to bone tissues.[53] Except for PDMA based polymers, citrate based
polymers are also attractive for developing catechol-functionalization due to the abundantly
available carboxyl groups in citrate as reactive sites. For example, Ji et al. designed a catecholbearing PDC adhesive that exhibited limited swelling behaviour and high adhesive strength up to
250 kPa to porcine skin.[66]
Table 1.3. Adhesion of catechol-based adhesives to native tissues
Material
PEG derived

Catechol-4-arm PEG

Adhesion

Substrate

Ref

4~8 kPa

Bovine pericardium

[31,

polymers

34, 36]
Catechol-8-arm PEG

~2 kPa

Porcine skin

[37]

Catechol-8-arm PEG

7 kPa

Bovine pericardium

[50]

Poly(DMA-co-SBMA-

~17 kPa

Porcine skin

[32]

~120 kPa

Porcine intestinal

[67]

co-PEG)
Catechol-PDC-PEG

tissue

22

Chapter 1 General Introduction

Catechol-EPL-PEG

~150 kPa

Porcine skin

[38]

PDMA

copolymerization of

~750 kPa

Chicken bone

[53]

derived

catechol-bearing

polymers

monomers
~25 kPa

Porcine skin

[54]

Poly(DMA-co-AA)

~150 kPa

Bovine cortical bone

[51]

Poly(DMA-co-MEA)

~9 MPa

Dentin

[55]

PDMA, Chitosan,

~18 kPa

Porcine skin

[167]

~14 kPa

Mouse subcutaneous

[77]

post functionalization
of catechol

Oxidized HA
membrane
Catechol-Pluronic,
PDMA
PEO-PPO

Catechol-Pluronic-

derived

polypeptides

synthetic
polymers
Citrate

tissue
~106 kPa

Porcine skin

[75]

Catechol-Tetronic

~50 kPa

Porcine skin

[76]

Catechol-PDC

~250 kPa

Porcine skin

[66]

Catechol-EPL

~12 kPa

Porcine skin

[129]

Catechol-Alginate

~33 kPa

Porcine skin

[117]

Catechol-Gelatin

~20 kPa

Porcine skin

[123]

~194 kPa

Articular cartilage

~15 kPa

Mouse subcutaneous

derived
polymer
Natural
polymers

Catechol-Chitosan

tissue
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Catechol-Chitosan

~7 kPa

Porcine intestinal

[107]

tissue
Catechol-Chitosan

~100 kPa

Porcine skin

[80]

Catechol-HA

~18 kPa

Porcine skin

[101]

Catechol-HA

~10 kPa

Porcine skin

[83]

Catechol-HA, PLL

~28 kPa

Porcine skin

[81]

Catechol-Oxidized-

~90 kPa

Porcine skin

[79]

~330 kPa

Porcine skin

[133]

HA
Catechol-BSA-Citrate

Most catechol-functionalized natural polymers exhibited low adhesive strength to porcine
skin below 100 kPa compared to the synthetic copolymers due to the limited degree of
functionalization.[124, 129] However, they are still of great interest due to the intrinsic
bioactivities of natural polymers such as proteins and polysaccharides. Several efforts have been
made to improve the adhesion of naturally derived catechol-functionalized polymers. For example,
Zhou et al. oxidized the HA first to introduce aldehyde groups, which could react with dopamine
more efficiently to improve the degree of functionalization of catechol on HA.[79] The catecholoxidized HA exhibited 8 fold higher adhesion (90 kPa) compared to the non-oxidized catecholHA (10 kPa). Zhu et al. introduced citrate acid into the backbone of BSA to provide more reactive
carboxyl groups for conjugation of dopamine, and obtained a catechol-BSA adhesive with ~330
kPa adhesion to porcine skin.[133] Pandey et al. incorporated PLGA nanoparticles into catecholalginate and observed a significantly higher adhesion of 33 kPa compared to pure catecholalginate of 14 kPa attributed to the ability of the nanoparticles to adhere onto surfaces and
dissipate energy.[117] To further improve the bioactivities of the catechol-based adhesives for
wound healing, bioactive molecules or nanoparticles can be incorporated into catechol-based
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adhesives. For example, arginine derivatives was incorporated in catechol-HA for improving
antioxidant activity.[99] Silver nanoparticles were incorporated in catechol-gelatin for improving
antimicrobial properties.[48, 128] Note that the catechol polymers listed in Table 1.3 has a wide
range of adhesive strength as a result of variety of polymer backbones and degrees of
functionalization. The required adhesion is highly dependent on the target applications. For
example, a catechol-HA with an adhesion of ~2 kPa has been proved effective for minimally
invasive cell therapy for defected or diseased soft tissues such as liver and heart.[86] For defected
tissue with larger area or harder tissue, the adhesion may need to be higher.[55]
1.3.2 Scaffolds for cell delivery
1.3.2.1 Hydrogels for cell delivery
Catechol-functionalized polymers have been used for the culture of various cell types
targeting different applications. One interesting application is delivery of stem cells for cell
therapy. Park et al. encapsulated human adipose derived stem cells (hADSCs) in catechol-HA and
transplanted the cell-laden hydrogel in tissue defects. [93] The construct showed strong adhesion
to the host tissue, and improved hADSC-mediated angiogenesis and osteogenesis compared to
the construct prepared using photocrosslinked methacrylate-HA. Similarly, Shin et al. also
observed enhanced angiogenesis induced by implantation of hADSC-laden catechol-HA
hydrogels into ischemic myocardium.[86] Koivusalo et al. developed hydrazone-crosslinked
catechol-HA for delivery of limbal epithelial stem cells (LESCs) and hADSCs for corneal
regeneration.[91] The hydrazone-catechol-HA implants showed excellent adhesion to a porcine
corneal model and supported good proliferation and differentiation of the cells. Catechol-HA has
also been used for neurogenesis of human neural stem/progenitor cells (hNSPCs).[92] Shin et al.
incorporated single-walled carbon nanotubes and/or polypyrrole into the catechol-HA to improve
the electoral conductivity of the hydrogels.[94] The electroconductive catechol-HA hydrogels
improved the differentiation and functions of the cells compared to the pure catechol-HA
hydrogels. Scalzone et al. synthesized catechol-CS for mesenchymal stem cell culture, the
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catechol-CS could be used as adhesive coating or hydrogel for encapsulation of the cells.[132]
Except for those targeted at delivery of stem cells, there are also some catecholfunctionalized polymers with interesting properties such as self-healing and stimuli-responsive
properties that may be useful for the delivery of multi-type cells. For example, Chen et al.
designed two zwitterionic polymers functionalized with catechol and benzoxaborole,
respectively.[58] The two polymers formed self-healing hydrogels with dynamic catecholboronate complexation that was pH and sugar responsive and was suitable for cell encapsulation.
Similarly, a catechol-PEG and phenylboronic-PEG based hydrogel also exhibited self-healing and
pH/glucose responsive properties.[35] The pH-responsive complexation between catechol and
ferric ions is also useful for developing catechol-based self-healing hydrogel.[78] Two other
catechol-functionalized hydrogels exhibited thermal-responsive properties attributed to the
incorporation of PNIPAM and Pluronic.[72, 100] All the hydrogels exhibited good
cytocompatibility and had potential as functional scaffolds for cell delivery.
1.3.2.2 Inks for 3D printing scaffolds for cell delivery
More recently, several catechol-functionalized ink systems have been developed for 3D
printing scaffolds for cell culture. 3D printing is an effective technology for the rapid fabrication
of scaffolds with predesigned geometry through computer-aided printing methods. Several
printing approaches have been established, such as laser-assisted printing, inkjet printing, valvebased droplet ejection printing, stereolithography, extrusion, and fused deposition modelling,
among which extrusion-based printing is the most commonly used one.[168-170] Based on
extrusion bioprinting, some novel strategies have been proposed for elaborated and precise
printing processes in recent years. For example, structures containing multiple bioactive factors
and cells can be obtained through hybrid printing using multiple hydrogels.[171] Another example
is coaxial nozzle-assisted printing, through which cellular constructs with core-shell structure can
be created by controlling the crosslinking conditions to achieve proper fusion between adjacent
26

Chapter 1 General Introduction

hollow filaments.[172] The continuous evolution of 3D printing technology is exciting as it
increases the possibility to fabricate complex cellular constructs for tissue repair or regeneration.
Natural polymers such as proteins and polysaccharides have been widely used as inks for 3D
bioprinting due to their excellent biocompatibility. The physicochemical properties of the ink used
for 3D printing are critical for the fabrication of scaffolds satisfying both structural and biological
requirements. For extrusion-based printing, the ink needs to possess adequate viscosity and shear
thinning to be extrudable. After printing, rapid gelation of the ink is also needed to maintain the
shape and integrity of the structure. To achieve rapid gelation, polymers are usually modified with
active groups such as methacrylate groups for photo-crosslinking.[173-175] Although photocrosslinking facilitates rapid gelation of the ink, it has a limitation for crosslinking thicker
structures due to the weak penetration of UV light. Therefore, it could be attractive to explore new
strategies for crosslinking printed scaffolds.

Figure 1.4. The 3D printing system using Vanadyl-chitosan-catechol (V-Chi-C) ink. (A) A
schematic of the preparation of the V-Chi-C bioink. (B) Direct writing using the V-Chi-C ink cell
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culture media. (C) The elastic modulus of the Chi-C (black) and V-Chi-C (blue) solutions at 1 Hz
as a function of time. (D) The printable window using the combination of V-Chi-C solution
prepared as a function of concentration and the culture media containing fetal bovine serum (FBS)
(5, 10, 15, 20 or 25%). (E) A schematic of the V-Chi-C 3D bioprinting process. (F) A
morphological comparison of the printed scaffolds using Chi-C or V-Chi-C bioink. The size of
the scaffolds is 15 mm × 15 mm × 2 mm (5 layers). The white scale bar indicates 1 cm. (G) The
Z-stacked confocal image of a 3D printed grid structure prepared using V-Chi-C bioink. The
printed scaffold size is 10 mm × 10 mm × 2 mm (5 layers); the green dots represent living cells
and the red dots represent dead cells. [114]
The incorporation of catechol groups in the ink formulation can introduce new crosslinking
strategies attributed to the versatile chemistry of catechol. For example, Lee et al. developed a
catechol-chitosan based ink that could be printed in serum culture media (Figure 1.4).[114] A
small number of vanadyl ions was supplied in the ink to improve the printability and stability via
complexation with catechol groups. The ink could undergo gelation in the media attributed to the
rapid complexation of serum protein and chitosan, and could be used for cell encapsulation.
Włodarczyk-Biegun et al. developed a catechol-PEG/metal based ink with reversible networks
formed by catechol-metal ions (Figure 1.5).[44] The printed structure was further covalently
crosslinked using an oxidant to form a stable structure that supported the growth of seeded cells.

28

Chapter 1 General Introduction

Figure 1.5. Printing of 3D scaffolds. (A) Schematic of the secondary covalent crosslinking of the
network. (B) Representative scheme showing the idealized chemical structure of covalent
crosslinks of the network. (C) The necessity of introducing covalent crosslinking for permanent
shape maintenance, an example of 4 layers scaffold printed with PEG-Dop/Fe3+ ink (printing
conditions: 2 mm s−1 printing speed at 50 kPa pressure (1st layer) and 100 kPa pressure (2nd–4th
layer)). [44]
Except for using metal ions to crosslink the catechol-bearing inks, oxidants can also be used
to induce covalent crosslinking of catechol-bearing polymers. For example, Guo et al. developed
a catechol-HA/alginate based ink for the fabrication of scaffolds with high mechanical strength
(Figure 1.6).[97] The catechol-HA in the ink was precrosslinked by oxidant to improve the
viscosity, and the printed structure was further crosslinked by Ca2+ to form a double network with
high mechanical strength. The catechol groups in the inks can also be kept free to provide other
functions such as tissue adhesion, cell interaction or drug delivery. For example, Zhou et al.
functionalized gelatin with both catechol and methacrylate groups (catechol-GelMA) (Figure
1.7).[127] The catechol-GelMA was printed and photocrosslinked to form scaffolds with free
catechol groups, which could further induce the proliferation of seeded neural stem cells.

Figure 1.6. Printability of the HA-Alg DN hydrogels. (a) Printability of different HA-Cat/Alg
ratios and NaIO4 concentrations. The concentrations of the premixed HA-Cat and Alg solution
were kept at 3 and 5% (w/v), respectively. (b−d) Representative images of a printed lattice
structure (b), hollow cylinder structure (c), and nose structure (d). Scale bars=5 mm. [97]
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Figure 1.7. Schematic diagram of a 3D-bioprinted catechol-modified GelMA-based matrix for
promoting neural regeneration. [127]
1.3.3 Surface modification of scaffolds and implants
Surface modification is a facile way to introduce specific properties of interest to scaffolds
and implants. The reaction with both organic and inorganic surfaces makes catechol appealing as
anchors for surface modification of scaffolds and implants to introduce functional components.[40,
43] For example, to improve the antimicrobial activity and cell adhesion of the titanium surface,
an antimicrobial peptide LF1-11 and cell-adhesive motif RGD were linked with catechol groups
through PEG, binding to the titanium surface via catechol-metal coordination (Figure 1.8).[41]
The modified titanium surface exhibited improved antibacterial property and cell adhesion. Other
metallic implants such as the Co-Cr coronary stent was also modified with catechol-HA to
improve the hemocompatibility and cellular responses.[88]
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Figure 1.8. Schematic representation of (A) the structure of the multifunctional peptides, and (B)
the binding of the molecules to titanium implants via catechol anchoring groups. [41]
Except for metallic implants, some implants of other types have also been modified with
catechol-functionalized polymers to introduce specific properties. For example, a catechol
functionalized PEG-PCL copolymer was developed and coated on a biologic mesh to improve its
adhesion to tissues.[29] Shin et al. coated a dental resin with catechol-methacrylate primer to
improve the mechanical performance of the resin through interaction between catechol and the
glass fillers.[166] Kim et al. modified hydroxyapatite particles with catechol-HA to improve their
dispersibility in silk fibroin scaffolds attributed to the negatively charged HA.[90] Graphene
oxide-DMA modification on poly(dimethylsiloxane) surfaces demonstrated improved
antibacterial properties.[57] Additionally, Jeong et al. found that surface modification of porcine
islets with catechol-chitosan could improve the stability of the islets, which could be applied for
cell replacement therapy in diabetes.[108]
1.3.4 Drug delivery
The wet adhesion of catechol to tissues has also inspired research on developing catechol31

Chapter 1 General Introduction

functionalized adhesive materials for drug delivery.[46, 70] For example, Sahatsapan et al.
synthesized catechol-alginate nanoparticles for bladder cancer drug delivery.[118] The presence
of catechol groups facilitated the retention of the drug-loaded nanoparticles on a porcine bladder
mucosa and supported constant release for up to 8 h. Xu et al. synthesized catechol-chitosan
mucoadhesive hydrogels for buccal drug delivery.[115] The catechol-chitosan was crosslinked by
genipin, resulting in abundant free catechol groups providing cohesion to chitosan. The hydrogels
supported a continuous release of lidocaine for about 3 h. In addition, the catechol-chitosan
exhibited no toxicity in an acute oral toxicity study.[104] Some other catechol-functionalized
adhesive polymers such as catechol-PAA, catechol-polypeptides, catechol-PEG and catecholheparin have also been developed as hydrogels or particles for drug delivery.[42, 62, 64, 131]
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Figure 1.9. Schematic illustration of pH-triggered drug delivery to cancer cells by using catecholcontaining amphiphilic polymer that can carry BTZ with pH-sensitive interaction. (A) Structures
of the boronate formed between catechol and BTZ under alkaline conditions and dissociated
products in an acidic environment. (B) Self-assembly, endocytosis, and cancer tissue extracellular
or intracellular release of BTZ from BTZ–catechol polymers. [47]
Except for the excellent wet adhesion to tissues, the pH-responsive complexations between
catechol and boronate/ferric ions are also of great interest for developing drug carriers for
controllable release. A typical example is shown in Figure 1.9. In this work, Wu et al. synthesized
a catechol-functionalized amphiphilic copolymer composed of PCL-PEG-PLL for loading of a
boronate-bearing anticancer drug bortezomib. The copolymers formed micelles through selfassembly, with bortezomib conjugated on catechol groups in the centre of the micelles. The
complexation between catechol and boronate in bortezomib could dissociate in acidic
environments at tumors, resulting in drug release.[45, 47] This pH responsive catechol-boronate
chemistry was also used for the delivery of other drugs such as doxorubicin, rapamycin and
atorvastatin calcium.[112, 176] Peng et al. synthesized a dual responsive system composed of
PDMA and PNIPAM for controlled release of doxorubicin, in which the PNIPAM was thermoresponsive and catechol groups in PDMA formed pH-responsive complex with ferric ions.[59]
The reductive chemistry of catechol was also utilized in the synthesis of gold nanoparticles for
siRNA delivery. Catechol-PEI formed spherical micelles in an aqueous solution first, and the
catechol groups served as a reducing agent for nucleation and growth of gold nanoparticles in the
cores.[71]

1.4 Conclusion and aims of the thesis
During the past decade, catechol-functionalized polymers have become popular for
applications in tissue engineering. The catechol groups provide wet adhesion to tissue, and also
provide novel crosslinking strategies for hydrogel formation. Additionally, they can serve as
anchors for secondary conjugation of other active molecules. Catechol-functionalized polymers
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have been exploited as tissue adhesives, functional materials for drug delivery or cell delivery,
and coatings to alter the surface properties of other biomaterials. Despite the recent advances
made in this area, catechol-based materials are still at a very preliminary stage towards practical
applications. For example, most of the reported catechol-based tissue adhesives have shown very
limited adhesion due to the limited catechol densities via direct conjugation, lack of cohesion, and
weak mechanical strength of the matrixes. Moreover, recent research has revealed the potential
of catechol-functionalized polymers for the fabrication of bioscaffolds, especially through 3D
printing, whereas there is a very limited number of research in this area.
The project aims : 1. To develop catechol-based materials as a tissue adhesive. HA is used
as the polymer backbone due to its high viscoelasticity, biocompatibility and bioactivity. PLL is
chosen to provide cohesion of HACA. The hypothesis is that the positively charged PLL can
penetrate the surface of native tissue, thus providing more binding/reactive sites to the catechol
groups to enhance the adhesion of HACA.
2. To develop a HACA/alginate based novel bio ink for skeletal engineering. The hypothesis
is that the ionically crosslinkable alginate can form elastic and tough double network with the
covalently crosslinkable HACA. Additionally, the reaction between catechol and thiol/amine
groups under mild condition could also be utilized for conjugation of proteins, thus improving the
bioactivity of the bioscaffolds.
3. To develop a HACA-based ink system for producing a double layered skin model using
(1) HACA/alginate to produce elastic and tough DN hydrogel as the mechanical support of the
constructs, (2) fibrinogen to encapsulate cells and form the soft gel component in the constructs,
(3) gelatin as a sacrificial material that was eluted at 37oC to form micro channels in the constructs
to facilitate the exchange of nutrients and metabolic products.
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Chapter 2
Synthesis of HACA and Its Application
as Tissue Adhesive

This chapter presents work that has appeared in the published article “Composite tissue
adhesive containing catechol-modified hyaluronic acid and poly-l-lysine” by Zhou Y, Kang L,
Yue Z, Liu X, Wallace GG. ACS Applied Bio Materials. 2019 Nov 27;3(1):628-38.
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2.1 Introduction
Numerous people suffer from wounds that need surgical closure or tissue repair every year.
Tissue adhesives are increasing in popularity for use in treating small wound closure as they
enable a less invasive sutureless process. A range of naturally derived or synthetic tissue adhesives
have been developed and applied to a variety of tissues including skin, muscle and intestine.[1]
However, commercially available glues such as fibrin, albumin-glutaraldehyde and
cyanoacrylates, can exhibit either poor adhesion, risk of allergic reaction or cytotoxicity.[2] There
is a great demand to develop high performance tissue glues which possess adequate wet adhesion,
biodegradability and bioactivity that promotes cell attachment, growth and function.
Mussel-inspired polymers are rising as novel adhesives due to the excellent wet adhesion
properties of the catechol found in MFPs.[2-4] The catechol unit provides strong single-molecule
adhesion to both inorganic and organic surfaces in aqueous environment. This binding can be
mediated through metal complexation, π-π or π-cation interaction, hydrogen bonding, dopaquinone coupling and Michael addition involving amine or thiol groups.[5-8] So far, research on
mussel inspired materials has focused on catechol functionalization of some natural or synthetic
polymers such as polystyrene, PEO, albumin, gelatin, alginate, chitosan and HA.[2, 4, 9-13]
Among those polymers, HA is of particular interest as it exists naturally in human tissue and can
bind to various cell types through receptors such as CD44, ICAM-1 and RHAMM.[14-15] The
products that result from degradation of HA have shown to induce angiogenesis.[16] These
properties have led to the integration of HA into bio-scaffolds. For example, Hyun-Ji et al.
developed HACA and found that the hydrogel formed enhanced the viability and paracrine ability
of encapsulated hADSCs, promoting stem cell-mediated angiogenesis and osteogenesis.[17-18]
However, the HACA produced was reported to have limited adhesive strength to native tissue.
Functionalization with catechol groups can increase the adhesion of polymers to tissues.
However, the complicated mussel-mimetic adhesion behaviour also relies on many other factors
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in order to achieve optimal adhesive strength. These include for example, polymer structure and
composition, degree of functionalisation as well as the type of crosslinker and crosslinking
conditions used.[19] In nature, MFPs are also rich in lysine residue. Lysine has been found to
promote wet adhesion through a synergistic interplay with catechol groups via a mechanism of
surface salt displacement.[20-21] Rui et al developed a catechol functionalized poly-lysine-PEG
based hydrogel to mimic mussel adhesion and found that the catechol-Lys residues exhibited a
pronounced synergistic effect.[22]
In this chapter, we report a composite tissue adhesive that utilizes HACA as the basic
formulation and poly(L-lysine) (PLL) as a bridging polymer to improve cell and tissue adhesion.
We hypothesized that the PLL can penetrate into the surface of native tissue, thus providing more
binding/reactive sites to the catechol groups to enhance the adhesion of HACA. Meanwhile, PLL
could improve cell attachment to the adhesive and promote cell-matrix interactions.[23] The
crosslinking process and adhesion of our adhesive were systematically studied and its
cytocompatibility was assessed using HUV-EC-Cs.

2.2 Experimental Section
2.2.1 Synthesis of HACA
HACA was synthesized by treating HA with an appropriate amount of dopamine
hydrochloride with the aid of EDC and Sulfo-NHS. A typical procedure is given here. 1g HA was
dissolved in 350 mL 0.1 M MES buffer at 50 oC. 0.3g EDC and 0.1g sulfo-NHS dissolved in 20
mL deionized water were then added into the solution and the pH was adjusted to 4.5. The solution
was kept under N2 at 50 oC. In a separate bottle, 0.1g dopamine hydrochloride was dissolved in
the 50 mL N2 purged deionized water and then transferred dropwise into the reaction mixture. The
mixture was kept at 50 oC under constant magnetic stirring for 3 hours. The resultant was purified
by dialysis against N2 purged water for 5 days, and then freeze-dried.
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The DOF of HACA, defined as the number of catechol group per disaccharide unit of HA,
was determined by UV-Vis spectroscopy using deionized water as the solvent. A standard curve
was established using a series of dopamine solution by measuring respective absorption at 280
nm using the UV-Vis spectrometer. The structure and DOF of HACA were also verified by 1H
NMR spectroscopy recorded in D2O, using a Bruker Avance III 400 MHz spectrometer. The
product was designated as HACAn, where n is the DOF determined.
2.2.2 Optimization of the crosslinking process for PLL/HACA
Assessment of crosslinking efficiency of different crosslinkers by in situ crosslinking
rheology. 2% HACA0.47 was prepared in PBS and used to assess the crosslinking efficiency of
three crosslinkers, FeCl3, H2O2 and NaIO4, respectively. Each crosslinker was used at a 1.5:1
molar ratio to the catechol groups in the HACA0.47. For H2O2, 0.1 unit mL-1 HRP was used to
catalyze the crosslinking process. The efficiency of each crosslinker was assessed by in situ
crosslinking rheology using an AR-G2 magnetic bearing rheometer. Briefly, the HACA0.47
solution was mixed with each crosslinker solution on the stage of rheometer and then immediately
went through oscillatory time sweep under 0.1% strain and 1 Hz frequency at 37 oC for 2 hours.
Assessment of crosslinking efficiency by in situ crosslinking rheology. 2% HACA0.47 was
prepared in PBS and used to assess the crosslinking efficiency of H2O2 under catalysis of 0.1 unit
mL-1 HRP. The efficiency of the crosslinker under different temperature was assessed by in situ
crosslinking rheology using the AR-G2 magnetic bearing rheometer. Briefly, the HACA0.47
solution was mixed with the crosslinker solution (molar ratio of H2O2 : catechol=1.5) on the stage
of rheometer and then immediately went through oscillatory time sweep under 0.1% strain and 1
Hz frequency at 37 oC or 10 oC for 2 hours. To investigate the influence of PLL on crosslinking
process of HACA, 0.1% PLL was added with the crosslinker solution and mixed with 2%
HACA0.47 and then went through oscillatory time sweep at 37 oC for 2 hours.
Mechanical testing of the hydrogels. To assess the effect of different crosslinkers on the
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mechanical strength of HACA hydrogels, 2% HACA0.47 hydrogels were prepared in cylindrical
molds (diameter 5 mm, height 3 mm) using FeCl3, H2O2/HRP or NaIO4 under the same conditions
as described above. To assess the influence of H2O2 concentration on mechanical strength of
HACA hydrogels, 2% HACA0.47 hydrogels were prepared in cylindrical molds (diameter 5 mm,
height 3 mm) using H2O2/HRP with different concentration of H2O2. To assess the effect of PLL
on compressive modulus of HACA hydrogel, 20 µL 0.1% PLL was loaded on the top of the 2%
HACA0.47 solution prior to crosslinking. The hydrogels were then collected for compression test
using an EZ-S mechanical tester.
2.2.3 Swelling and degradation of the PLL/HACA hydrogels
HACA solutions with different DOF (0.28 and 0.47) and concentration (2% and 5%) were
crosslinked by H2O2/HRP in the cylindrical molds to form hydrogels under the optimized
conditions (molar ratio of H2O2 to catechol = 0.8, 37oC, 3h) as established above. 20 µL 0.1%
PLL was loaded on the top of the 2% HACA0.47 solution prior to crosslinking to form
PLL/HACA hydrogels. The hydrogels were then incubated in PBS at 37 oC. The wet weight of
the hydrogels was measured at selected time points until reaching equilibrium. The swelling ratio
(%) was calculated using the following equation: Ws/Wi × 100, where Ws represents the weight
of the swollen hydrogel at each time point and Wi represents the initial weight of the hydrogel
(n≥3).
To determine the degradation rate, the hydrogels were equilibrated in PBS overnight, and
then treated with hyaluronidase (100 unit mL-1). The remaining gel was weighed at selected time
points. The remaining weight (%) was calculated using the following equation: Wr/Wi × 100,
where Wr represents the remaining wet weight of the hydrogel at each time point and Wi
represents the initial wet weight of the hydrogel (n≥3).
2.2.4 Adhesion behaviour of the HACA and PLL/HACA adhesives
Adhesion to porcine skin. The adhesive strength was determined according to the ASTM
54

Chapter 2 Synthesis of HACA and Its Application as Tissue Adhesive

method F2255-05. Porcine skins (2.0 cm × 1.0 cm) were soaked in PBS for 1 h at 37oC prior to
use. The skins were then glued onto plastic fixtures using cyanoacrylate glue. HACA solutions
with different DOF and concentration were prepared and kept in a refrigerator for 30 min for
cooling. 0.1 mL HACA solution was then mixed with H2O2 and HRP and applied on the porcine
skin. Another piece of porcine skin was then applied, achieving an overlapping area of ~1.0 cm ×
1.0 cm. For PLL/HACA, 40 μL 0.1% PLL was firstly applied to the porcine skins, followed by
0.1 mL HACA and crosslinker solution (volume ratio of PLL to HACA is 2:5 for all tests unless
specified elsewhere). A second piece of skin sample was immediately brought into contact with
the first one. A 50 g weight load was placed on top of each skin sample for 15 min, after which
the samples were incubated in a 37 oC water bath for 3 h. The adhesive strength was determined
through a lap shear test using the EZ-S mechanical tester equipped with 10 N load cell and 2
mm/min crosshead speed (n≥3).
Adhesion to the hydrogels derived from GelMA or collagen. To synthesize GelMA, 20 g
gelatin (300 gel strength) was dissolved into 200 mL PBS at 50 oC. 12 mL methacrylic anhydride
was added to the gelatin solution and kept at 50 oC for 4 hours. 300 mL PBS was then added into
the mixture and the solution was kept at room temperature overnight. After adjusting the pH to
7.0 using 5M NaOH, the solution was dialyzed for three days at 40 oC and freeze dried. 10%
GelMA was mixed with 0.1% lithium phenyl-2,4,6-trimethylbenzoylphosphinate and crosslinked
using a Lumen Dynamics OmniCure LX400+ (400 nm light source) at 2220 mJ energy. To prepare
collagen hydrogels, 1% collagen dissolved in water was crosslinked using 0.05% EDC/0.02%
sulfo-NHS for 3 hours. To assess the adhesion of the adhesive to the GelMA or collagen gels, the
hydrogel samples were cut into two pieces. The 0.1% PLL/2% HACA0.47 and H2O2/HRP were
applied on the cut surfaces using the same manner as described in the adhesion test for porcine
skin. The two pieces were immediately brought into contact and incubated at 37 oC for 3 h.
Photographs were taken to record the process.
Interpenetration of PLL. Interpenetration of PLL into HACA hydrogels and porcine skins
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was imaged by a confocal laser scanning microscope. Firstly, 2% HACA0.47 was crosslinked in
the cylindrical molds. Porcine skin was cut into small pieces (0.5 cm × 0.5 cm). 40 μL 0.1% FITC
labelled PLL aqueous solution was loaded onto the HACA hydrogels and porcine skins
respectively. After incubation for different times (2 min, 5 min, 10 min, 15 min), excess FITCPLL was removed by rinsing with PBS. Then images were acquired through the CLSM. Depth
coding of these images was performed using the 3D Projection Tool in Leica Application Suite X
software to show the distribution of the FITC-PLL in gels and porcine skins, respectively. (n≥3).
2.2.5 Cytocompatibility of the PLL/HACA adhesive
Live/dead assay of HUV-EC-Cs. HUV-EC-Cs (Passage 19-21) were cultured in the medium
composed of F-12K Medium, 10% FBS, 1% ECGS, 1% penicillin/streptomycin and 0.01%
heparin. Two method was carried out for this study. For the first one, GelMA hydrogels were used
as a simplified soft tissue mimic. HUV-EC-Cs were firstly seeded onto a 10% GelMA hydrogel
at a density of 1×105 cell cm-2 and then 0.1% PLL and 2% HACA0.47 with H2O2/HRP were
applied on the cell-seeded GelMA in sequence as the way described in the adhesion test. In the
second method, HUV-EC-Cs were mixed in 2% HACA0.47 solution at a density of 5×106 cell
mL-1, and crosslinked with H2O2/HRP in the presence of 0.1% PLL. The procedure was performed
in a 96 well plate. The cellular constructs prepared in method 1 or 2 were assessed by live/dead
assays. At each selected time point (day 1, 3 and 7), the constructs were stained in 5 μg mL−1
calcein AM at 37 °C for 10 min, followed by incubation in 5 μg mL−1 PI for 5 min, and rinsing
with PBS. The confocal laser scanning microscope was used for image acquisition. Cell viability
was quantified by calculating the percentage of live cells to total cell numbers in the images (n≥3).
Capillary like structure (CLS) formation of HUV-EC-Cs. PLL/HACA adhesive hydrogels
(0.1% PLL/2% HACA0.47) were prepared in a 96-well plate, using the same procedure as
described above. 2% HACA0.47 and 0.05% PLL/2% HACA0.47 (2/5 v/v, same as 0.1% PLL/2%
HACA0.47) were also prepared to assess the influence of PLL on CLS formation. HUV-EC-Cs
were seeded at a density of 1×105/cm-2 on the as-prepared adhesive hydrogels, and cultured in 50
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ng mL-1 VEGF supplemented cell culture medium. The cells were stained with calcein AM and
imaged using the confocal laser scanning microscope at day 1, 3 and 5. For F-actin and nuclei
staining, the cells were fixed with 3.7% paraformaldehyde solution in PBS for 30 min and washed
with PBS. After been permeabilized with 0.1% (v/v) Triton X-100 for 10 min and washed with
PBS, the constructs were incubated in 2.5 unit mL-1 Alexa-488 phalloidin in 1% bovine serum
albumin for 45 min in dark. They were then rinsed in PBS, stained with 5 μg mL-1 DAPI in PBS
for 10 min, and again washed in PBS. Images of the cells were acquired from the confocal laser
scanning microscope. The tube networks were quantified using Image J with the Angiogenesis
Analyzer plugin (n≥3).
2.2.6 Statistical analysis
Results were expressed as mean ± standard deviation, with at least three samples. Student’s
t-test was performed to analyze the statistical significance between the results of two groups.
Significance levels were set at *p<0.05, ** p <0.01 and *** p <0.001, respectively.

2.3 Results and discussion
2.3.1 Synthesis of HACA
Dopamine was conjugated to HA through the EDC/Sulfo-NHS reaction (Scheme 2.1). The
molar ratio of dopamine to HA was changed to produce HACA with different degrees of
functionalization. As shown in Table 2.1, HACA with 3 different DOF (0.12, 0.28 and 0.47) were
prepared in this study, denoted as HACA0.12, HACA0.28 and HACA0.47 respectively. The DOF
was calculated from the absorbance recorded at 280 nm for HACA using dopamine as the standard
to create a calibration curve.[2, 22] No absorbance was observed from 300 nm to 400 nm for
HACA indicating that the catechol groups in HACA were not oxidized (Figure 2.1A).[24] The
structure of HACA was further characterized by 1H NMR (Figure 2.1B). The peaks appearing
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between 6.5 to 7.0 ppm attributed to the protons on the benzene ring in dopamine and the peak at
~2.9 ppm attributed to protons of methylene group in dopamine confirmed the conjugation of
dopamine to HA.[2, 18]

Scheme 2.1. Synthesis of HACA.

Table 2.1. Degrees of fuctionalization of HACA.
Sample
weight

ratio

dopamine
DOF

of

HA

to

HACA0.12

HACA0.28

HACA0.47

10:3

5:3

1:1

0.12

0.28

0.47
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A

HACA0.28
Dopamine
HA

Absorbance

2.0
1.5
1.0
0.5
0.0
250

300

350

400

λ (nm)

B

Figure 2.1. (A) UV absorption spectra of 0.05% HA, 0.05% HACA0.28 and 0.8 mmol/L
dopamine dissolved in deionized water. (B) 1H NMR spectrum of 0.5% HACA0.28 dissolved in
D2O.
2.3.2 Optimization of the crosslinking process for PLL/HACA
We firstly investigated the crosslinking condition for HACA. Catechol groups can undergo
various reactions such as redox reactions, autoxidation, borate complexation, metal−ion
coordination, and Michael addition. The diversity of catechol chemistries available provides
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access to various crosslinking methods to form gels, or to enhance the wet adhesion, forming
appropriate bonds to groups on living tissue. Three frequently used crosslinkers, FeCl3, H2O2/HRP
and NaIO4, were investigated. As showing in Figure 2.2A, gelation (defined as the crossover
point of the storage modulus G’ and loss modulus G’’) of HACA0.47 via Fe3+ occurred within
seconds, during which the gelation point could not be detected under the existing setting. Gelation
of the HACA0.47 crosslinked by H2O2/HRP occurred around 1.5 min, reaching equilibrium (G’
stopped increasing) at ~1.5 h. NaIO4 induced a slow and progressive crosslinking process and
gelation of HACA0.47 was observed at ~2.3 min. Fe3+ crosslinks catechol-functionalized polymer
by forming complexes with the hydroxyl groups of catechol, reducing combined water.[25-26]
Unlike Fe3+, H2O2/HRP and NaIO4 can induce covalent self-crosslinking of catechol groups by
oxidizing the hydroxyl groups into active quinone.[27] However, the crosslinking process of
H2O2/HRP is related to both the concentration of H2O2 and the activity of HRP, resulted in a
different crosslinking profile from that of NaIO4. Both H2O2/HRP and NaIO4 crosslinked
HACA0.47 hydrogels could recover to the original dimensions after compression to 90% strain,
whereas the Fe3+ crosslinked HACA0.47 irreversibly collapsed and released entrapped water at
90% strain (Figure 2.2B). Desirable flexibility is important for adhesive to dissipate hysteretic
energy and comply with the underlying tissue.[1, 28-29] Thus FeCl3 was not considered further
to crosslink HACA. H2O2/HRP has been widely used for biomedical applications and
demonstrates good cytocompatibility.[30-31] They were chosen for further studies in this work.
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Figure 2.2. (A) Influence of different crosslinkers (Fe3+, H2O2/HRP, NaIO4) on crosslinking 2%
HACA0.47 by In situ crosslinking rheology at 37 oC. (B) Compressive modulus of crosslinked 2%
HACA0.47 hydrogels and morphology of the hydrogels before (above) and after (below)
compression by 90% strain.
The temperature used during crosslinking is an important factor that could influence the
process. In situ rheology was used to monitor the crosslinking process of HACA0.47 at different
temperatures. At 37oC, the HACA0.47 solution formed a gel at ~1.5 min whereas the gelation was
slowed to ~20 min at 10oC as indicated in Figure 2.3A. This is advantageous for practical
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application, during which the HACA solution and crosslinker could be mixed together at 10oC
and then applied to a targeted tissue surface at an elevated temperature of 37 oC inducing rapid
crosslinking within 1-2 minutes.
As a strong oxidant, the concentration of H2O2 used also has a profound effect on the
mechanical strength of the crosslinked hydrogels produced, whereas the concentration of the HRP
component had less impact on this property.[32-34] The effect of the molar ratio of H2O2:catechol
on the mechanical properties of HACA0.47 hydrogels was examined, with the concentration of
HRP kept constant at 0.1 unit mL-1. As shown in Figure 2B, the mechanical strength of
HACA0.47 hydrogels increased with increasing molar ratio of H2O2:catechol from 0.1 to 0.8, then
decreased when the molar ratio was further increased to 1.2. It has been reported that excess H2O2
leads to inactivation of HRP,[35-37] and this may be responsible for the behaviour observed. The
hydrogel with the highest mechanical strength was obtained when a molar ratio of 0.8 for
H2O2:catechol was used.
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Figure 2.3. (A) Rheological time sweep of 2% HACA0.47 when crosslinked by H2O2/HRP at
different temperatures. (B) Mechanical strength and morphology of 2% HACA0.47 crosslinked
by H2O2/HRP with different concentrations. (n=3, ** p <0.01 versus group molar ratio 0.8, and
*** p <0.001) (C) Rheological time sweep of 2% HACA0.47 when crosslinked by H2O2/HRP
with and without the addition of 0.1% PLL at 37 oC.
We then studied the effect of PLL addition on the crosslinking profile of HACA0.47. As
illustrated in Figure 2C, the storage modulus of PLL/HACA0.47 increased more rapidly in the
first hour, which might be attributed to the presence of amino groups of the PLL for binding and
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crosslinking. At a later stage of crosslinking (1-2 hrs), the effect of PLL inclusion on the
mechanical properties became less significant. In addition, compression test was conducted on
the samples prepared under the same crosslinking conditions. The compressive modulus of
HACA0.47 hydrogel (404.0±22.5 kPa) was similar to PLL/HACA0.47 hydrogel (397.8±13.2
kPa), confirming the limited effect of PLL on the mechanical properties of the composite hydrogel.
Based on the above results, H2O2 with a 0.8 molar ratio to catechol and 0.1 unit mL-1 HRP
were used to crosslink HACA solutions for the following studies. The crosslinking process was
carried out at 37oC to form hydrogels for swelling, degradation and cytocompatibility studies. For
the adhesion test, HACA solution and crosslinkers were mixed at 10oC and then applied to porcine
skins, collagen or GelMA hydrogels, following by incubation at 37oC.
2.3.3 Swelling and degradation of the PLL/HACA hydrogels
We firstly examined the effects of DOF and polymer concentration on swelling and the
degradation behaviour of HACA hydrogels. HACA hydrogels were prepared with different
polymer concentration (2%, 5%) and DOF (0.28, 0.47), using the previously established
crosslinking conditions for H2O2/HRP. The post-operation swelling ratio here refers to the weight
ratio of hydrogel at equilibrium/the hydrogel immediately upon crosslinking (3 h at 37oC),
reflecting the expansion behaviour of the hydrogel after in situ crosslinking. As shown in Figure
A, gels obtained from 2% HACA0.28 and 2% HACA0.47 reached equilibrium after 2 h, whereas
gels from 5% HACA0.47 reached equilibrium after 4 h. Gels formed from 2% HACA0.47
hydrogels were more stable than others following crosslinking, with less swelling in comparison
with gels obtained from 2% HACA0.28. This is attributable to the formation of denser polymer
networks as a result of the increased catechol groups available for crosslinking.
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Figure 2.4. Swelling (A) and degradation (B) of hydrogels obtained from PLL/HACA with
different DOF (0.28 and 0.47) and concentration (2% and 5%) and crosslinked by H2O2/HRP.
Gels obtained from 5% HACA0.47 exhibited more pronounced swelling behaviour
compared to gels from 2% HACA0.47 following crosslinking. The polymer content of the
hydrogel at equilibrium was determined to be 2.7% for 5% HACA0.47 hydrogels, and 1.8% for
2% HACA0.47 hydrogel. This indicates a reduction in crosslinking efficiency of HACA hydrogel
with increasing polymer concentration. Notably, 2% HACA0.47 exhibited the lowest swelling
ratio (~ 110%) compared to those previously reported (120%-140%).[4, 38] This is favourable for
65

Chapter 2 Synthesis of HACA and Its Application as Tissue Adhesive

applications in tissue adhesion since a high swelling adhesive may exert extra pressure to the
joined tissues and compromise the adhesive strength over time.[2]
The enzymatic degradability of the swollen HACA hydrogels was studied using
hyaluronidase (Figure B). Gels obtained from 2% HACA0.28 and 2% HACA0.47 were fully
degraded after 12 h and 36 h respectively, while gels from 5% HACA0.47 were not fully degraded
until the 3 days. Although the 5% HACA0.47 hydrogel swelled the most, its polymer content at
equilibrium was still much higher than that of 2% HACA0.47 hydrogel as described before. Gels
obtained from 2% HACA0.28 exhibited a faster degradation rate than gels obtained from 2%
HACA0.47. This can be ascribed to the formation of less dense polymer network due to the less
amount of catechol groups available for crosslinking, which is consistent with the swelling study.
Note that the rate of degradation of our products is slower than that of previously reported HACA
hydrogels tested under similar condition (DOF 0.045 and 0.088, fully degraded after 10 h).[18]
This is attributed to the higher DOF for our material.
We then examined the effect of PLL on the swelling and degradation of the PLL/HACA
hydrogels using 2% HACA0.47. Samples were prepared by using the previous established
crosslinking conditions, and prior to the crosslinking, 0.1% PLL was loaded on the top of the 2%
HACA0.47 solution. It is shown in Figure 3A and 3B that the addition of PLL did not show any
significant effects on both the swelling and degradation behaviour of 2% HACA0.47 hydrogels.
2.3.4 Adhesion behaviour of the HACA and PLL/HACA adhesives
The adhesive strength of HACA and PLL/HACA to porcine skin were determined using the
lap shear test as shown in Figure 2.A. To assess the effect of polymer concentration on adhesion
of HACA, gels obtained from HACA0.47 with different concentration were applied on the
porcine skins respectively and crosslinked according to previous conditions. As shown in Figure
2.B, the adhesion of HACA0.47 was improved from ~20.8 kPa to ~33.8 kPa by increasing the
polymer concentration from 2% to 5%. The effect of DOF of HACA (0.28 to 0.47) was examined
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with adhesion increased from ~0.3 kPa to ~20.8 kPa (Figure 2.C). The adhesive strength observed
for our gels obtained from 2% HACA0.47 is higher than those previously reported for HACA
(~1.3 kPa with a DOF of 0.088, and ~17 kPa with a DOF of 0.30).[9, 17] This might be attributed
to the higher DOF of our product. Note that the adhesion reported here is also much higher than
that of the commercial fibrin glue (5~10 kPa).[22, 39] Although HACA with high concentration
provided high adhesive strength, it also resulted in higher swelling ratio as discussed above.
Therefore, gels from 2% HACA0.47 were used in the following study into tissue adhesion.
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Figure 2.5. (A) Schematic of the lap shear test to determine adhesive strength of the samples (For
the test of samples without PLL, step 1 was skipped). (B) Adhesive strength of HACA0.47 with
different concentration to porcine skin. (n=3-4, * p <0.05, ** p <0.01 and *** p <0.001 versus
group 5% HACA) (C) Adhesive strength of the hydrogels obtained from 0.1% PLL/2%
HACA0.47 or 2%HACA with different DOF to porcine skin. (n=3-4, ** p <0.01, *** p <0.001
versus group HA and HACA0.12) (D) The depth of interpenetrated 0.1% FITC-PLL in porcine
skin and the hydrogel obtained from 2% HACA0.47 at selected time points (The insets are
fluorescent images shown distribution of PLL in porcine skin and 2% HACA0.47 hydrogel at 15
min). (E) Adhesion of 0.1%PLL/2%HACA0.47 to collagen and GelMA gels respectively.
Poly lysine has been widely used for improving cell and tissue adhesion due to its high
positive charge, which can attract negatively charged cell and tissue surfaces.[23, 40] To assess
the ability of PLL to improve the adhesion of HACA, 0.1% PLL was applied onto the porcine
skin first and then 2% HACA0.47 with crosslinkers were applied (volume ratio of PLL to HACA
is 2:5 for all the tests), following by covering the adhesive area with another piece of porcine skin
(Figure 2.A). The results demonstrate that with the incorporation of 0.1% PLL, the adhesion of
2% HACA0.47 was further improved from 20.8 kPa to 28.3 kPa (Figure 2.C). We further studied
the interpenetration profile of PLL into porcine skin and 2% HACA0.47 hydrogel by monitoring
the distribution of top loaded 0.1% FITC-PLL in the skin and HACA hydrogel samples over time.
The fluorescent images were obtained and the interpenetration depth of 0.1% FITC-PLL was
determined according to these images. As shown in Figure 2.D, the profile of FITC-PLL
interpenetration in HACA hydrogel is nearly linear. In comparison, FITC-PLL penetrated into
porcine skin more rapidly in the first 5 minutes and then slowed down. The inset fluorescent
images in Figure 2.D illustrate the distribution of FITC-PLL in porcine skin and HACA hydrogel
after 15 min penetration. The results indicate that the positively charged PLL could rapidly
penetrate into porcine skins and HACA hydrogels. The penetrated PLL could provide more
reactive sites (amine groups) to the catechol groups in HACA molecules, thereby improving the
adhesion of HACA to native tissue.
In addition to porcine skin, collagen and GelMA hydrogels were also prepared to simulate
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soft tissues or tissue-engineered cellular constructs to assess the adhesion behaviour of the
adhesive. As a main component of the natural extracellular matrix of connective tissues, collagen
has been intensively employed as preformed scaffolds for 3D cell culture and hydrogel systems
for cell encapsulation and delivery.[41-42] GelMA has recently attracted increasing attention as a
bioink for 3D printing cellular structures for a number of in vitro and in vivo applications.[43-44]
Prior to the tests, collagen was crosslinked by EDC/sulfo-NHS and GelMA was UV-crosslinked
to form gels, respectively. The gels were cut into two pieces and then glued together by 0.1%
PLL/2% HACA0.47 with H2O2/HRP using the same procedure as described in the adhesion test.
As shown in Figure 2.E, the adhesive penetrated in the gels from the cut, turned dark brown
during crosslinking, and then glued the two pieces of gels together within 10 min. The results
above suggest that the PLL/HACA adhesive could be used to glue bio-scaffolds and soft tissues
to improve the integration of the two structures.
More recently, multi-component hydrogel adhesives have been reported, demonstrating good
toughness and adhesion to various substrates.[45-46] Compared to our current system, they
exhibited similar adhesive strength, but with more superior mechanical properties. Structurally,
they are preformed hydrogels, comprising polydopamine or catechol-bearing lignin that is
responsible for adhesion, and polymeric double network that is responsible for the excellent
mechanical strength. A key component of the double network is polyacrylamide or polyacrylic
acid. The molecular design of these preformed tissue adhesive could provide insight into the
strategies for further improving the mechanical properties of our in situ composite adhesive. This
may facilitate its application in areas that involve a mechanically challenging environment, such
as in cartilage repair.
2.3.5 Cytocompatibility of the PLL/HACA adhesive
To assess the cytotoxicity of PLL/HACA adhesive, HUV-EC-Cs were selected and two
methods were used to culture the cells. The first one was set up to imitate the adhesion process.
HUV-EC-C cells were cultured on the surface of crosslinked GelMA hydrogels (simulated tissue
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constructs) prior to being in contact with the adhesive. Then 0.1% PLL and 2% HACA0.47 with
H2O2/HRP were applied on the hydrogel in sequence as illustrated in Figure 2.A. The whole
constructs were then cultured in the cell culture medium and a live/dead assay was conducted at
selected time points. The cells demonstrated high viability (~95%) over a period of 7 days,
indicating that the crosslinker at the tested concentration and crosslinking process did not
significantly compromise cytocompatibility.
For the second method, the cells were encapsulated in 2% HACA0.47, and the cell
containing solution was crosslinked by H2O2/HRP in the presence of 0.1% PLL to form cell-laden
hydrogels (Figure 2.B). As shown in Figure 2.C, the cells remained highly viable during the
process (86±2% at day 1 and 81±4% at day 7). However, the cell viability was lower than that
obtained from the first method. In comparison with method 1, the reduced cell viability as
measured in method 2 might be due to limited nutrient support and matrix support to the cells
entrapped in the hydrogel adhesive. This suggests that the formulation of PLL/HACA established
here might not be optimal for applications that involve direct cell encapsulation and further
optimization of crosslinking conditions is required in order to progress on this front.
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0.1%PLL/2%HACA0.47. (B) Live/dead staining of HUV-EC-Cs encapsulated in the adhesive
obtained from 0.1%PLL/2%HACA0.47. (C) Cell viability of HUV-EC-Cs quantified from the
above live/dead stained images. (n=3-4, ** p <0.01, scale bars=200 µm)
The results above indicate that PLL significantly improves cell adhesion and CLS formation
on HACA as tested using HUV-EC-Cs as a model cell line. The formation of blood vessels is
important to sustain cell metabolism at the sites of wounds or implants by providing oxygen and
nutrients.[50-51] However, some strong adhesive such as cyanoacrylate would block the bridging
of microcirculatory vessels, compromising wound healing process.[52] Here the formulation
consisting of PLL/HACA supports CLS formation, which is a superior property in comparison
with those HACA based system previously reported. Further in-depth animal study will be needed
to assess the behaviour of PLL/HACA in vivo.
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Figure 2.7. (A) Calcein AM stained HUV-EC-Cs cultured on the hydrogels obtained from
PLL/2%HACA0.47 with different PLL concentrations (0, 0.1% and 0.05%). (B) F-actin (green)
and nuclei (blue) staining of HUV-EC-Cs cultured on the hydrogels obtained from
0.05%PLL/2%HACA0.47 and 0.1%PLL/2%HACA0.47 respectively at day 5. (C) Tube number
and length of CLS observed on the hydrogels obtained from 0.05%PLL/2%HACA0.47 and
0.1%PLL/2%HACA0.47 respectively, calculated from F-actin and nuclei stained HUV-EC-Cs at
day 5. (n=3, * p <0.05 and ** p <0.01 versus group 0.1%PLL/2%HACA0.47, scale bars=200 µm)

2.4 Conclusion
In this chapter we report a composite tissue adhesive using HACA as the basic formulation
and PLL as a bridging polymer to improve cell and tissue adhesion. Crosslinking conditions were
systematically examined to assess the effects of crosslinker, concentration of crosslinker and
temperature. The PLL/HACA adhesive exhibited good adhesion to porcine skins, collagen and
GelMA hydrogels. PLL improved the adhesion of HACA by penetrating into native tissue and
providing more binding sites for HACA, without significantly altering the mechanical properties
and swelling/degradation profile of the HACA hydrogels. Further, by incorporation of PLL,
HACA adhesive showed improved cytocompatibility with HUV-EC-Cs, supporting the formation
of capillary-like structures. The PLL/HACA composite adhesive could be a promising tissue
adhesive for multiple internal uses including wound closure and improving the interfacial
adhesion between bio-scaffolds and host tissue. This composite concept with PLL can also be
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applied to other catechol-functionalized polymers to improve the adhesion and cytocompatibility.
Lastly, the PLL/HACA composite could also be combined with synthetic polymers to form
multiple network to further improve its mechanical properties. This may facilitate its application
in areas that involve a mechanically challenging environment, as is the case with cartilage repair.
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This chapter presents work that has appeared in the published article “3D Coaxial Printing
Tough and Elastic Hydrogels for Tissue Engineering Using a Catechol Functionalized Ink System”
by Zhou Y, Yue Z, Chen Z, Wallace GG. Advanced Healthcare Materials. 2020
Dec;9(24):2001342.
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3.1 Introduction
Hydrogels have been intensively explored in tissue engineering for repairing and/or
replacing damaged tissue. Soft tissues such as skin, muscle and cartilage usually possess high
toughness and elasticity to resist internal and external mechanical loads. This necessitates the
development of tough, elastic hydrogels with mechanics that mimic these soft tissues.[1-4] A
common approach used to produce tough and elastic hydrogels is formation of a double network
(DN) using two different polymers, with one forming an elastic network and the other forming a
stiff network.[5, 6] DNs have improved fracture strength compared to the polymeric network
prepared using a single component.[7]
The advent of 3D printing technology has boosted research into ink development for
fabrication of hydrogels for tissue engineering.[8, 9] The ability to 3D print such gels allows for
strategic distribution of biomaterials and cells to ensure optimal performance. Despite recent
advances in fabricating tough and elastic DN hydrogels, only a limited number of systems are
suited for 3D printing, where the crosslinking mechanism is predominantly mediated by UV.[1013] UV is commonly used to initiate crosslinking in 3D printed (cell-laden) structures, and shows
low cytotoxicity when used at a longer wavelength (≥365 nm). However, limitations remain
especially when crosslinking larger dimensional features with the penetration of UV light being
limited.[14-16] Therefore, the development of inks that encompass other facile crosslinking
strategies so as to produce biocompatible structures with excellent mechanical performance is an
attractive option.
Catechol functionalized polymers have attracted a lot of attention primarily due to their
bioadhesive properties.[17, 18] The adhesion originates from the high reactivity of catechol
groups to metals, inorganics and polymers, in the form of bidentate hydrogen bonding, π-π or
cation-π reactions, autoxidation, and Michael addition.[19] Further, catechol functionalized
biopolymers can be chemically crosslinked via self-oxidation, and react with proteins in native
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tissue via amine and thiol groups.[20-23] These versatile chemistries can be induced under mild
conditions and can be explored as new crosslinking strategies for 3D bioprinting.
In this chapter, we designed a novel ink system as illustrated in Scheme 3.1, taking the
advantage of such catechol chemistry. Hydrogels with high fracture strength and elasticity, and
high cytocompatibility have been fabricated by 3D extrusion printing, using two key components:
catechol modified HACA and alginate. In our previous work, we demonstrated that HACA can
form highly soft and elastic hydrogels when crosslinked using H2O2 and HRP.[24] Alginate is an
ionically crosslinkable polysaccharide that has been used to improve the mechanical strength of
hydrogels.[25, 26] The crosslinking mechanism of the ink involves self-crosslinking of HACA
via catechol groups and ionic crosslinking of alginate using calcium. A coaxial printing approach
is designed here by careful selection of the location of ink constituents and respective crosslinkers
(H2O2, HRP and CaCl2) into the core or shell of a co-axial system. One added advantage of this
approach is that bioactive proteins can be introduced in the shell and conjugated on HACA via
Michael addition between catechol of HACA and amine/thiol groups of the proteins. Gelatin was
used as an example protein here as it can promote adhesion and migration of various cell types.[27,
28] Cytocompatibility of the 3D printed hydrogels was assessed using an immortalized mouse
myoblast cell line, C2C12.

Scheme 3.1. Catechol functionalized ink system for 3D coaxial printing.

3.2 Experimental Section
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3.2.1 Preparation of HACA/alginate DN hydrogel
To fabricate HACA/alginate DN hydrogels, HACA and alginate were dissolved together in
PBS to form solutions with selected concentrations. The solutions were crosslinked using H2O2
(molar ratio to catechol=1.5)/HRP (0.1 unit mL-1) following our established protocol for HACA
[24] and 1M CaCl2 at room temperature. The hydrogels were designated as HxAy, where x
represented the concentration of HACA and y represented the concentration of alginate in wt.%.
The hydrogels were prepared in rectangular molds (20×10×1.5 mm) for tensile test, and
cylindrical molds (diameter 5 mm, height 1.5 mm) for compression test. 3% HACA crosslinked
by H2O2/HRP and 5% alginate crosslinked by CaCl2 were prepared and tested for comparison.
3.2.2 Mechanical test of the HACA/alginate DN hydrogels
Compression test. Hydrogel samples prepared above in the cylindrical molds were collected
for compression test using the EZ-S mechanical tester. The machine was equipped with a 10 N
load cell and the testing speed was 2 mm min-1. The compressive modulus was the slope of the
linear region of the stress-strain curve.
Tensile test. Hydrogel samples prepared in the rectangular molds were collected and both
ends of the gels were glued on polystyrene fixtures using cyanoacrylate glue. The test was
performed using the same EZ-S mechanical tester with a 10 N load cell and the 2 mm min-1 speed.
The fracture energy of the gel was calculated by Γ =

𝐿
0

∫𝐿 𝑐 𝐹𝑑𝑙
𝑊0 𝑇0

, where W0 was the width of the

hydrogel, T0 was the thickness, L0 was the initial gauge length, and Lc was the length at which
𝐿

crack propagation began. The maximum strain at failure (Sf) was calculated by 𝑆𝑓 = 𝐿𝑐 .
0

Cyclic tensile test. To study its hysteresis effect under deformation, ten continuous cyclic
tensile test was conducted on selected hydrogel sample, H3A2.5 hydrogel. To investigate the
ability of recovery after deformation, the H3A2.5 hydrogel was incubated in a humid chamber at
37 oC after first cycle, and then went through a second cycle after incubation for 1 min, 30 min
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and 180 min, respectively.
3.2.3 Rheological test of the HACA/alginate solution
Flow sweep. The rheological behaviour of H3A2.5 solution was studied using the AR-G2
magnetic bearing rheometer with a 40 mm diameter and 1o cone geometry. 3% HACA and 2.5%
alginate solutions were tested for comparison. To study the shear thinning behaviour of the
solutions, flow sweep was conducted on the solutions to record the change of viscosity over a
range of shear rate from 5 to 600 s-1. The flow index (n) was calculated according to the power𝜗𝑢

law model log(𝜇𝑒𝑓𝑓 ) = log 𝐾 + (𝑛 − 1)𝑙𝑜𝑔 𝜗𝑦, where 𝜇𝑒𝑓𝑓 represents the effective viscosity, 𝐾
𝜗𝑢

represents the flow consistency index and 𝜗𝑦 represents the shear rate.
Oscillatory sweep. The oscillatory strain sweep was conducted to determine the LVR of the
solutions under 1Hz and 25 oC. The following oscillatory sweeps were carried out using 0.1%
strain that is within the LVR. The oscillatory frequency sweep was conducted from 1 to 100 Hz
at 25 oC. The oscillatory temperature sweep from 45 to 5 oC was conducted at 1Hz.
In situ crosslinking rheology. The in situ crosslinking rheology was used to assess the
crosslinking efficiency of H2O2/HRP and CaCl2. Firstly, H3A2.5 solution (300 µL) was mixed
with H2O2 (molar ratio to catechol=1.5) on the stage of rheometer. Then 10 unit mL-1 HRP (3 µL)
and 1M CaCl2 (30 µL) was loaded on the H3A2.5 solution, following immediately by oscillatory
time sweep under 0.1% strain and 1 Hz frequency at 25 oC for 2 hours.
3.2.4 3D coaxial printing of the inks
Preparation of the inks for core and shell components. To prepare the ink for the core, 3%
HACA and 2.5% alginate were dissolved in PBS at 37 oC. Then H2O2 was mixed with the H3A2.5
solution to a final concentration of 0.18% H2O2. The solution was centrifuged to remove any
bubbles, and transferred into a 10 mL syringe. To prepare the ink for the shell, 5% gelatin
dissolved in PBS was mixed with 1M CaCl2 and 0.1 unit mL-1 HRP, and then transferred into a
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10 mL syringe.
Co-axial printing. The syringes were connected to the coaxial axis in a commercial bio
printer (GeSiM BioScaffolder). The pressure for core and shell channel was 80 kPa and 15 kPa
respectively, with a printing speed of 6 mm min-1. The whole process was conducted at room
temperature. Several structures (square, circular and triangular) were designed for printing to
assess the printability of the bioink. Structures printed using the core ink only were also fabricated
for comparison.
Fluorescent imaging of the scaffolds. To visualize the 3D printed co-axial structure, gelatin
was labeled using FITC. 4% gelatin in PBS was treated with 0.04% FITC dissolved in DMSO at
room temperature overnight. The product was purified by dialysis and freeze drying. Co-axial
printed structures using fluorescently labelled gelatin was soaked in PBS at 37 oC for 1 hour,
rinsed with warm PBS to remove excess gelatin and was examined using the CLSM.
3.2.5 Cytocompatibility of the printed scaffolds with C2C12s
Live/dead assay. C2C12 cells (passage 3-7) were cultured in the medium composed of high
glucose DMEM, 10% FBS and 1% penicillin/streptomycin. The cells were harvested and seeded
on the printed scaffolds at a density of 4×105 cell cm−2. The scaffolds were placed in a 6 well plate
during seeding, and the same seeding density was applied to TCP and casted cylindrical H3A2.5
hydrogels as control. The scaffolds were transferred to a new well plate after 24 hours. At each
selected time point (day 1, 4 and 7), the constructs were stained in 5 μg mL−1 calcein AM at 37 °C
for 10 min, followed by incubation in 5 μg mL−1 PI for 5 min, and rinsing with PBS. The stained
cells were imaged using the CLSM. Cell viability was quantified by calculating the percentage of
live cells to total cell numbers from the images.
Immunostaining of differentiated cells. On day 8, 9 and 10, F-actin, nuclei and MHC of the
cells cultured on scaffolds and TCP were stained. F-actin and nuclei of cells cultured on gelatin
coated H3A2.5 hydrogels for 10 days were stained also stained. The cells were firstly fixed with
87

Chapter 3 Fabrication of HACA based Tough and Elastic Scaffold for Skeletal Muscle
Engineering
3.7% paraformaldehyde solution in PBS for 30 min, following by blocking and permeabilization
in 0.03% (v/v) Triton X-100 and 5% donkey serum overnight at 4 oC. They were then incubated
in MY-32 (1:400 in 1% donkey serum) overnight at 4 oC, and following by incubation in Alexa594 conjugated goat-anti-mouse secondary antibody (1:200 in 1% donkey serum) for 1 hour at
room temperature. Subsequently, the cells were incubated in 2.5 unit mL-1 Alexa-488 phalloidin
in 1% donkey serum for 45 min in dark, and finally counter stained in 5 μg mL-1 DAPI in PBS
for 10 min. After each step, the cells were washed in PBS twice. Images of the cells were acquired
from the CLSM. The diameter and length of myotubes were quantified from the images using
Image J.
3.2.6 Statistical analysis
Results were expressed as mean ± standard deviation, with at least three samples. One-way
ANOVA with post-hoc Tukey HSD Test were performed to analyze the statistical significance of
mechanical results. Two-way ANOVA with post-hoc Tukey HSD Test were performed to analyze
the statistical significance of results in cytocompatibility study. Significance levels were set at *p
(or #p) <0.05, **p (or ##p) <0.01 and ***p<0.001, respectively.

3.3 Results and Discussion
3.3.1 Preparation and mechanical properties of the HACA/alginate DN hydrogels
HACA with a 0.47 degree of functionalization was prepared by treating hyaluronic acid with
dopamine using EDC and sulfo-NHS as described in 2.2.1 in chapter 2. To produce a
HACA/alginate DN hydrogel, H2O2 and HRP were added into the solution of HACA and alginate
to crosslink HACA to form a primary network, followed by the addition of CaCl 2 to ionically
crosslink alginate to form the second network. The formation of the HACA/alginate DN hydrogel
is illustrated in Figure 3.1. The as-prepared DN hydrogels were highly stretchable and able to
recover easily after stretching. A range of hydrogels were prepared and the effects of HACA and
alginate concentration on the mechanical properties of the DN hydrogels were examined. These
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hydrogels were designated as HxAy, where x represents the concentration of HACA and y
represents the concentration of alginate. To compare the mechanical properties between the
double and single hydrogels, H3 and A5 single hydrogels were prepared to be compared with the
H3A5 DN hydrogel. Compression and tensile tests were performed on the hydrogels.

Figure 3.1. Preparation of HACA/alginate DN hydrogels.
As shown in Figure 3.2A, A5 exhibited much higher compressive modulus (~367 kPa) than
the respective H3A5 DN hydrogel (~43 kPa), whereas H3 was very soft with a compressive
modulus of ~9 kPa. The high stiffness of the alginate hydrogel has been reported previously.[29]
It was observed that the alginate solution reacted with Ca2+ quickly and contracted to form a
densely packed network. Whereas in the case of HACA/alginate solutions, the contraction of
alginate network was hindered due to the physical reactions between the alginate and HACA
molecules, resulting in a less stiff network. For the DN hydrogels, the compressive modulus
increases with the increase of polymer concentration (e.g. H3A1.5~31 kPa and H4A7~48 kPa).
However, the increase became less significant at higher polymer concentration. The stiffness of
native tissue varies from 103 MPa to 102 Pa, and it was reported that substrates with stiffness in
101-102 kPa are suitable for the regeneration of myogenic and chondrogenic tissues.[30, 31] The
results indicate that the DN hydrogels could be candidates to provide structural support for
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Figure 3.2. (A) Compressive modulus of the HACA/alginate single and DN hydrogels. (n=3,
***p<0.001 single vs H3A5 DN hydrogel and *p<0.05 vs other DN hydrogels) (B) Fracture
energy and maximum strain of the HACA/alginate single and hydrogels. (n=3, *p<0.05, **p<0.01
and ***p<0.001 single vs H3A5 DN hydrogel, NS represents non-significant) (C) Ten continuous
cyclic tensile tests of H3A2.5 hydrogels. (D) First and second cyclic tensile test of H3A2.5
hydrogels after incubation in water bath at 37 oC for 1 min, 30 min and 180 min, respectively.
In tensile tests, the HACA/alginate DN hydrogels demonstrated significantly higher fracture
energy (617.5 J m-2 for H3A5) compared to the single-component hydrogels (42.2 J m-2 for H3,
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and 28.78 J m-2 for A5) as shown in Figure 3.2B. An increase in either HACA or alginate
concentration resulted in a significant increase of the toughness of the DN hydrogel (e.g. ~318.1
J m-2 for H3A1.5 and ~1217.1 J m-2 for H4A7). These DN hydrogels are capable of reaching
similar toughness to living tissues such as muscle and cartilage (102-103 J m-2), while most
conventional hydrogels fall in the range of 101-102 J m-2.[6, 32] The elasticity of the hydrogels is
reflected by the maximum strain at failure (Sf). Single HACA hydrogel had much higher Sf
(241.21%) than the respective DN hydrogel and single alginate hydrogel (112.93% for H3A5, and
52.69% for A5). The Sf of the DN hydrogels decreased significantly with the increase of alginate
concentration. Note that the increase of HACA concentration had less impact on the Sf of the DN
hydrogels (similar Sf of H3A5 and H4A5), indicating the elasticity of the HACA/alginate
hydrogel mainly benefited from HACA.
The above DN hydrogels demonstrated higher toughness and elasticity than conventional
hydrogels and previously reported hyaluronic acid based hydrogels.[6, 33-36] Among the
hydrogels tested here, H3A2.5 showed similar mechanical characteristics to muscle.[37, 38] It
was selected for the following studies. To investigate the recovery capability of the H3A2.5 after
deformation, cyclic tensile tests were performed. As shown in Figure 3.2C, hysteresis did occur
under continuous cyclic tensile test. However, when the hydrogel was incubated in humid
chamber before a second cycle, a fast recovery of the tensile strength was observed (Figure 3.2D).
Full recovery of the H3A2.5 hydrogel could be achieved after incubation at 37oC for 30 min,
indicating the ability of the DN hydrogels to recover their mechanical properties after deformation.
The results indicate that DN hydrogel (H3A2.5) was tough and elastic with a recoverable energy
dissipative property. This composition was employed for further rheology, printing and in vitro
cell culture studies using mouse myoblasts.
3.3.2. Rheological behaviour of HACA/alginate solutions
To study the printability using extrusion based printing, the H3A2.5 solution and the single
component solutions (H3 and A2.5) were subjected to a series of rheological tests. Further, in situ
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crosslinking rheology of the H3A2.5 solution via H2O2/HRP and CaCl2 was also investigated.
As illustrated in Figure 3.3A, all samples exhibited shear thinning behaviour, with a decrease
in viscosity with increasing shear rate. The shear thinning effect is reflected in the flow index (n)
calculated according to the power law model. Interestingly, the H3A2.5 solution exhibited a
stronger shear thinning effect (n = -1.08) than the single component solutions (n = 0.53 for A2.5
and n = 0.23 for H3). Under low shear rate, the H3A2.5 solution had a much higher viscosity than
the single component solutions. The viscosity of H3A2.5 solution dropped dramatically with
increase in shear rate. The phenomenon is likely attributable to the formation of weak interactions
between HACA and alginate molecules, such as physical entanglement, which are likely to
deform under a high shear rate. The typical shear thinning effect could benefit the extrusion of
HACA/alginate solution from the printhead during printing.[39-41]
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Figure 3.3. (A) Flow sweep of H3A2.5, 2.5% alginate (A2.5) and 3% HACA (H3) solutions. (B)
Strain sweep of H3A2.5, A2.5 and H3 solutions at 1Hz and 25 oC. (C) Frequency sweep of
H3A2.5, A2.5 and H3 solutions at 0.1% strain and 25 oC. (D) Temperature sweep of H3A2.5,
A2.5 and H3 solutions at 0.1% strain and 1Hz. (E) In situ crosslinking rheology of H3A2.5 using
Ca2+ and H2O2/HRP as crosslinkers.
In oscillatory sweeps, a strain sweep was performed firstly to determine the LVR, and all the
following sweeps were conducted at a strain (0.1%) which is within the LVR (Figure 3.3B). In
frequency sweeps (Figure 3.3C), both the H3 and H3A2.5 solutions exhibited viscoelastic gel
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like property (storage modulus G’> loss modulus G’’ over the tested frequencies), while single
alginate solution behaved as a viscous liquid (G’<G’’ at lower frequencies). The H3A2.5 solution
had a much higher storage modulus than both individual components, suggesting formation of
more densely packed polymer network that might have the proved potential to maintain the shape
upon extrusion.[42] The variation of modulus with temperature is also an important character for
designing printing conditions. As shown in Figure 3.3D, the moduli of all samples tested
increased with decrease in temperature (45oC to 5oC). Besides, alginate showed a liquid behaviour
(G’<G’’) across the tested temperature range while G’ was dominant for both H3 and H3A2.5
across the temperature range studied. Within the range, H3A2.5 solution had higher storage
moduli than those of respective fluid prepared using alginate or HACA. A similar trend was also
noted in the frequency sweeps.
To investigate the modulus change of H3A2.5 during crosslinking, the G’ and G’’ were
recorded once the crosslinkers H2O2/HRP and Ca2+ were applied. As presented in Figure 3.3E,
there was an increase of storage modulus (G’=2272 Pa) within 10 seconds compared to the
uncrosslinked solution (G’=542 Pa, Figure 3.3C). In our previous study, the G’ of HACA
increased with time in a linear manner once crosslinking was initiated by H2O2/HRP.[24] The
rapid increase of G’ here could be attributed to the fast ionic crosslinking of alginate via
Ca2+.[43,44] Following the rapid increase of G’ is a continuous increase attributed to the covalent
crosslinking of HACA via H2O2/HRP. The fast ionic crosslinking maintains the shape of the
printed structure, while the following covalent crosslinking further increases the mechanical
strength of the printed construct.
The improved shear thinning effect, storage modulus at room temperature and fast
crosslinking mechanism of the H3A2.5 solution are beneficial for extrusion printing. The
printability of this ink is further verified by 3D printing in the following study.
3.3.3. 3D coaxial printing of the catechol functionalized inks
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Figure 3.4. (A) Schematic of 3D coaxial printing the catechol functionalized ink. (B) Printed
structures using core ink and core/shell inks, respectively (Core: H3A2.5, Shell: 5% gelatin). (C)
Printed structure using H3A2.5 and 5% gelatin. (D) Printed scaffolds for cytocompatibility study.
Conjugated gelatin is visualized via fluorescent labelling and imaging of gelatin. (Scale bars=3
mm)
A coaxial printing approach was designed for the catechol functionalized ink system as
illustrated in Figure 3.4A. The H3A2.5 mixed with H2O2 was delivered through the core, and
HRP and CaCl2 were introduced through the shell. To promote interaction with cells, 5% gelatin
was incorporated into the shell ink. Crosslinking of H3A2.5 and conjugation of gelatin onto
H3A2.5 was initiated when the core and shell inks made contact. As shown in Figure 3.4B, when
only the core ink was printed, the H3A2.5 filaments were neither ionically nor covalently
crosslinked, resulted in lattice structure with circular pores, indicating insufficient gelation[45].
With both core and shell inks extruded, the H3A2.5 filaments were crosslinked by Ca2+ and shape
fidelity retained with formation of a lattice structure with square pores inside. The subsequent
covalent crosslinking of H3A2.5 via H2O2/HRP resulted in dark colour filaments. This is
consistent with the in situ crosslinking rheology (Figure 3.3D), in which a rapid significant
increase followed by a slower and continuous increase in storage modulus was observed. 3D co97
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axial printing was employed to print structures with various shapes and good printability was
observed (Figure 3.4C). For the cytocompatibility study using mouse myoblasts, a parallel fibre
structure was designed as shown in Figure 3.4D to guide cell alignment.

Figure 3.5. Retained percentage of gelatin on printed scaffold, calculated according to the
fluorescent intensity of FITC-gelatin released from printed scaffolds. The printed scaffolds were
soaked in PBS to release free FITC-gelatin after printing for 1 or 2 hours. Printed scaffolds without
HRP (no covalent crosslinking) as control. (n=3, **p<0.01)
The conjugation of gelatin on the H3A2.5 fibers was visualized by confocal microscopy.
Gelatin was firstly labeled using FITC. As shown in Figure 3.4D, green fluorescence was found
uniformly distributed throughout the 3D printed structures, suggesting uniform conjugation of
gelatin with the DN hydrogel. Gelatin was bounded to HACA via the reaction between catechol
groups and amine/thiol groups.[21-23] The amount of gelatin retained on the scaffolds increased
from 38.24% (1 hour reaction) to 67.41% (2 hours reaction) (Figure 3.5). Without HRP to
catalyze the reaction, only 3.97% gelatin was retained on the scaffolds 2 hours after printing. The
results confirm the formation of covalent bonds between gelatin and the DN hydrogel, while a
small amount of gelatin bounded to the DN hydrogel via physical entanglement. Here, gelatin
could also be replaced by other bioactive proteins such as collagen and fibrinogen to improve
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cell-matrix interactions.
3.3.4. Cytocompatibility of printed constructs with mouse myoblasts (C2C12)
A mouse myoblast cell line (C2C12) was chosen as a model cell line to study the
cytocompatibility of the printed scaffolds, since they have been widely used previously.[46-48]
C2C12s could differentiate into multinucleated myotubes and produce characteristic muscle
proteins. As shown in Figure 3.6A, the C2C12s adhered to and spread on the printed scaffolds,
whilst the cells showed rounded morphology when cultured on the H3A2.5 hydrogels without
gelatin, an indicator of poor cell-matrix interaction (Figure 3.6A). The result supports our view
that introduction of gelatin into printing can improve the interaction between the scaffolds and
cells. The cells cultured on the 3D printed structure exhibited high viability (>95%) during the 7
day period with results comparable to those using TCP as shown in Figure 3.6B.
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Figure 3.6. Cytocompatibility of the printed scaffolds with C2C12s. was used as control. (A)
Live/dead staining images of C2C12s grown on H3A2.5 hydrogels and printed scaffolds. (Scale
bar=200 µm) (B) Cell viability quantified from live/dead staining images. (C) F-actin, nuclei and
MHC stained C2C12s grown on TCP and scaffolds at different stage of differentiation. (Scale
bar=50 µm) (D) Length and diameter of myotubes formed on scaffolds and TCP. (n=5, *p<0.05
and **p<0.01 vs TCP, #p<0.05 and ##p<0.01 vs day 8) (E) F-actin and nuclei stained myotubes
formed on gelatin coated, casted cylindrical H3A2.5 hydrogel, printed scaffolds and TCP at day
10. (Scale bar=200 µm)
With differentiation from day 8, the F-actin, nuclei and MHC of the differentiated cells were
stained and imaged. On day 8, short myotubes were observed, while no production of MHC was
detected at this early stage of differentiation on both scaffolds and TCP (Figure 3.6C). The length
and diameter of the myotubes increased and more MHC were produced during the maturation of
the myotubes. As quantified in Figure 3.6D, the length of the myotubes formed on the scaffolds
increased significantly from ~120 µm at day 8 to ~921 µm at day 10, which was significantly
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higher than those formed on TCP (~81 µm to ~765 µm). The diameter of the myotubes on
scaffolds also increased from ~11 µm to ~14 µm over the maturation, without much significant
increase compared to those on TCP (~10 µm to ~13 µm). The increase of tube length might be
related to the improved cell alignment on scaffolds (Figure 3.6E). The structure of the scaffolds
was an important factor for guiding cell alignment, as the cells grown on casted gels using same
ink formulation showed poor alignment (Figure 3.6E). Previous studies have reported similar
trends on micropatterned systems.[49, 50] The guidance of cell alignment provided by the
scaffolds might improve the end-to-end contact of the C2C12s, promoting fusion of the cells.
The above results indicate that the printed scaffold is highly compatible with C2C12. The
printed structure improved cell alignment and the formation of myotubes compared to those
cultured on TCP. However, no clear striation of the myotubes was observed on both printed
scaffolds and TCP control, which might result in less contractility of the myotubes. The formation
of striation could be improved by mechanical and electrical stimulation of the cells as reported in
previous studies.[31, 50] Therefore, further study such as mechanical stimulation on the cell-laden
scaffolds could be conducted to take the full benefit of these tough and elastic scaffolds for
developing a more mature skeletal muscle construct.

3.4. Conclusion
In this chapter, we described a catechol functionalized ink system for 3D coaxial printing
biocompatible scaffolds with high toughness and elasticity. The ink was formulated with
biopolymers including HACA and alginate. HACA and alginate delivered via the core formed DN
hydrogels with high fracture energy and elasticity. Protein with cell adhesion motifs (gelatin) was
introduced to the shell and integrated into the DN hydrogel during printing. The ink was easily
extruded and crosslinking happened once the two solutions from core and shell were in contact.
Gelation involved Ca2+ crosslinking of alginate and catechol crosslinking via H2O2/HRP. The
printed scaffolds demonstrated high cell viability and supported and guided differentiation into
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aligned myotubes when tested using C2C12. The catechol functionalized ink system developed
here has provided a facile way to fabricate tough and elastic bio scaffolds that may find
applications in muscle tissue engineering or applied as substrates for mechanical stimulation of
cells for in vitro study.
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4.1 Introduction
Bio scaffolds (with/without cells) are in high demand in clinical practice for repairing or
replacing damaged tissue.[1, 2] Cell-laden scaffolds that can mimic native tissue are also of great
value for drug screening or other fundamental studies.[3, 4] Traditional approaches for fabricating
scaffolds have limitations in producing constructs with multi-materials and customized
dimensions. The emerging of 3D bio printing technologies overcomes these limitations.[5-7]
Complex structures with multiple materials and cells can be fabricated using advanced printing
technologies such as hybrid printing, coaxial printing and microfluidic assisted printing.[8-11]
Despite recent advances in 3D bio printing, challenges remain for fabrication of cellular
constructs that can mimic native tissue in both structure and function.
Most soft tissues such as skin and cartilage have high elasticity and toughness. However, cell
viability and function can be compromised when encapsulated in tough hydrogels.[12, 13] It is
important to maintain a good balance between mechanical property and cytocompatibility of the
scaffolds. A promising way is using two types of inks, a cell-free one to provide physical/structural
support with the required mechanical attributes and a soft one to encapsulate cells. Most structural
components reported have been based on synthetic polymers which have poor interaction with
cells and other biopolymers.[14-18] A limited number of biopolymer-based DN hydrogels used
for 3D printing tough and elastic bio scaffolds have been reported, with chemical crosslinking
mechanism mediated by UV irradiation.[19, 20] Although UV crosslinking is commonly used in
bio printing to stabilize the 3D printed structures, the limited penetration depth of UV light can
restrict its applications in crosslinking thick structures.[21] In chapter 3, a catechol functionalized
biopolymer-based ink composed of HACA and alginate was developed for 3D printing.[22] The
crosslinking mechanism involves crosslinking of HACA via catechol groups and ionic
crosslinking of alginate using calcium. The printed structures undergo in situ crosslinking during
printing, producing a DN hydrogel with high elasticity and toughness. This HACA/alginate ink
can be further explored to provide mechanical support to cellular constructs.
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Fibrinogen is a plasma membrane protein that has been widely used in tissue engineering
due to its high biocompatibility.[23, 24] It is usually applied with thrombin, an enzyme that can
catalyze formation of a fibrin gel.[25] The fibrin gel has a nanofibrous structure and amino acid
sequences that favour cell adhesion and functions. It was reported that fibrinogen could form
nanofibers with morphology similar to that from thrombin-induced fibrin fibers in sodium and
potassium salts solutions, even in the absence of thrombin.[26-28] The thrombin-free approach is
of considerable value for fibrin gel in biomedical applications as it could avoid possible
interactions of thrombin with other materials or cells. Interestingly, we have observed that
fibrinogen with low concentrations (≤ 1%) could form gel within 10 mins in a thrombin-free cell
culture medium. However, there has been no report studying the gelation behaviour of fibrinogen
in cell culture medium, the mechanical properties of the gels, and cell behaviour in the gels.

Scheme 4.1. Fabrication of a double-layered skin model. Step 1: 3D hybrid printing of gelatin
and HACA/alginate scaffolds. Step 2: In situ gelation of HDF-laden fibrin gel in the printed
scaffolds. Step 3: Gelatin removing at 37 oC. Step 4: HaCaTs seeding on the top of the constructs
for organotypic co-culture to produce skin like structure.
In this chapter, we described an approach to fabricate cellular constructs with excellent
110

Chapter 4 Fabrication of HACA based Scaffold for Skin Regeneration

mechanical performance, high cytocompatibility and micro channels with the assist of 3D printing.
In this approach, (1) HACA/alginate was used to produce elastic and tough DN hydrogel as the
mechanical support of the constructs, (2) fibrinogen was used to encapsulate cells and form the
soft gel component in the constructs, (3) gelatin was used as a sacrificial material that was eluted
at 37oC to form micro channels in the constructs to facilitate the exchange of nutrients and
metabolic products. A double-layered skin model using HDFs and HaCaTs was designed to
evaluate the approach as shown in Scheme 4.1. To build the double-layered skin model, a cellfree structure was firstly printed using HACA/alginate and gelatin using an extrusion printer. This
was followed by the introduction of HDF-laden fibrinogen into the printed scaffolds that
underwent in situ self-assembly and gelation. The cellular construct was then incubated at 37 oC
to allow elution of gelatin and formation of inner channels. HaCaTs were then seeded on the top
of the cell-laden construct and co-cultured with HDFs to form a skin like structure.

4.2 Experimental Section
4.2.1 Phase Plot of HACA/alginate Mixtures
HACA with DOF of 0.47 was prepared as in 2.2.1. HACA and alginate at various
concentrations were dissolved in PBS at 37 oC in glass vials. Specifically, the final concentration
was 2-4% for HACA and 3-5% for alginate. They were designated as HxAy, where x represented
the concentration of HACA and y represented the concentration of alginate in wt.%. Then the
HACA/alginate mixtures were loaded into syringes and then extruded on glass slides, respectively.
The phase (solution or gel) of the mixture was determined by inverting the vials. Gels were further
divided into two types as following: if it could be spread on the glass slide, the gel was designated
“soft”; if the gel retained its shape, it was designated “robust”.
4.2.2 Swelling Behaviour of HACA/alginate DN hydrogels in Cell Culture Medium
H3A5, H4A4 and H4A5 DN hydrogels were prepared as described in 3.2.1 in chapter 3.
They were incubated in the cell culture medium composed of DMEM, 10% FBS and 1%
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penicillin-streptomycin at 37 °C. The wet weight of the hydrogels was measured at selected time
points until reaching equilibrium. The swelling ratio (%) was calculated using the following
𝑊

equation: S = 𝑊𝑠 × 100, where Ws represents the weight of the swollen hydrogel at each time
𝑖

point and Wi represents the initial weight of the hydrogel.
4.2.3 Rheological Tests
The rheological behaviour of the samples was studied using the AR-G2 magnetic bearing
rheometer with a 40 mm diameter and 1o cone geometry. To study the shear behaviour of H3A5,
H4A4 and H4A5, flow sweep was conducted on the solutions to record the change of viscosity
over a range of shear rate from 5 to 600 s-1. For the study of in situ crosslinking rheology of H3A5
by H2O2/HRP and/or CaCl2, H3A5 (330 µL) containing H2O2 (molar ratio to catechol = 1.5) was
loaded on the stage of the rheometer. Then 3.3 µL 10 unit mL-1 HRP and/or 3.3 µL 10M CaCl2
was loaded on the H3A5, following immediately by oscillatory time sweep under 0.1% strain and
1 Hz frequency at 25 oC for 1 hour.
For the study of self-assembly of fibrinogen in the cell culture medium, 4% fibrinogen was
prepared in the cell culture medium prior to tests. The 4% fibrinogen was diluted to different
concentrations (0.1%, 0.5%, 1% and 2%) on the stage of the rheometer, following immediately
by oscillatory time sweep under 0.1% strain and 1 Hz frequency at 25 oC for 0.5 hour.
4.2.4 Preparation of Fibrin Gel with or without Cells
Thrombin-crosslinked fibrin gels were prepared by mixing fibrinogen at a concentration of
4%, 6% or 8% with equal volume of thrombin solution (1 unit per mg fibrinogen). HDF-laden
fibrin gel crosslinked by thrombin was prepared using the similar procedure with addition of
2×106 cell mL-1 HDFs in the fibrinogen solution. To prepare thrombin-free fibrin gels, 4%
fibrinogen in the cell culture medium was diluted to 0.1%, 0.5% and 1% in above mentioned
cylindrical molds, and kept at room temperature for 30 mins prior to mechanical tests. To prepare
thrombin-free HDF-laden fibrin gels, fibrinogen solutions at a concentration of 1%, 2% or 4%
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was mixed with equal volume of cell culture medium containing 4×106 cell mL-1 HDFs. They
were then filled in the molds and kept at room temperature for 10 mins, and then transferred into
a cell culture incubator.
4.2.5 Mechanical Test of Fibrin Hydrogels
Fibrin gels prepared above in the cylindrical molds were collected for compression test using
the EZ-S mechanical tester. The machine was equipped with a 10 N load cell and the testing speed
was 2 mm min-1. The compressive modulus was calculated based on the slope of the linear region
of the stress-strain curve.
4.2.6 SEM
SEM was performed for fibrin gels to observe the nanofibers using the JSM-7500FA LV
Scanning Electron Microscope, operating at 10 kV. Thrombin-free and thrombin-catalyzed fibrin
gels as above were prepared and fixed using 3.7% paraformaldehyde solution in PBS for 1 h,
followed by rinsing in PBS for 3 times. They were then dehydrated through a series of ethanol
solutions (10 min in 30%, 50%, 75% and 90%, respectively, and 20 min in 100%). The dehydrated
samples were soaked in hexamethyldisilazane for 30 min and then dried in a fume hood overnight.
They were then mounted on the specimen holder and sputter coated with 10 nm gold using a
Dynavac Sputter Coater, followed by imaging. The diameter of the nanofibers was analyzed using
Image J software.
4.2.7 Live/dead Assay
To study the influence of concentration and crosslinking strategy of fibrinogen on cell
viability. Live/dead assay was conducted to the above HDF-laden fibrin gels at day 1 and 4. The
constructs were stained in 5 μg mL−1 calcein AM at 37 °C for 10 min, followed by incubation in
5 μg mL−1 PI for 5 min, and rinsing with PBS. The stained cells were imaged using the CLSM.
Cell viability was quantified by calculating the percentage of live cells to total cell numbers from
the images using Image J.
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4.2.8 Preparation of the Inks for 3D Printing
Two inks were used in this study, including H3A5 and 5% gelatin. H3A5 was prepared in
PBS at 37 oC. Then H2O2 was mixed with the H3A5 to a final concentration of 0.18% H2O2. The
mixture was centrifuged to remove air bubbles, and transferred into a 10 mL syringe. To prepare
the gelatin ink, 5% gelatin dissolved in PBS was mixed with CaCl2 (final concentration of 0.1M)
and HRP (final concentration of 0.1 unit mL-1), and then transferred into a 10 mL syringe.
4.2.9 Fabrication of HDF-laden Constructs
A 210 μm needle was attached to the gelatin containing syringe, and a 250 μm needle which
requires less pressure for extrusion was attached to H3A5 containing syringe. The syringes were
connected to the axis in the Bioscaffolder. The pressure for H3A5 and 5% gelatin was 220 kPa
and 120 kPa, respectively, with a printing speed of 3 mm s-1. The whole process was conducted
at room temperature. Several structures (square, circular, triangular and pyramid) were designed
for printing to assess the printability of the inks. The printability (Pr) was calculated using the
𝐿2

following equation from a previous study: Pr = 16𝐴, where L represented the perimeter and A
represented the area of the pore formed between printed filaments.[39] Structure for fabricating
cellular constructs was as designed as shown in Scheme 4.1. 1% fibrinogen with 2×106 cell mL-1
HDFs was filled in the printed scaffolds, kept at room temperature for 10 mins, following by
incubation in the cell culture medium at 37 oC to remove gelatin for 1 hour. The medium was then
changed and the constructs were cultured under 5% CO2 at 37°C.
4.2.10 Proliferation Assay
To compare the cell proliferation rate of HDFs in the constructs with and without inner
channels. Prestoblue assay was conducted over a period of 7 days. Briefly, at day 1, 4, and 7, the
constructs were incubated with PrestoBlue™ mix for 1 h at 37 oC. After this, 200 µL of the
supernatant of each sample was transferred to a 96-well and read using a microplate reader.
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4.2.11 F-actin and Nuclei Staining of HDFs
F-actin and nuclei of cells cultured in the fabricated constructs and single fibrin gel for 7
days were stained. The cells were firstly fixed with 3.7% paraformaldehyde solution in PBS for
30 min, following by permeabilization in 0.1% (v/v) Triton X-100 for 30 min. They were then
incubated in in 2.5 unit mL-1 Alexa-488 phalloidin in 10% donkey serum for 45 min in dark, and
finally counter-stained in 5 μg mL-1 DAPI in PBS for 10 min. After each step, the cells were
washed in PBS 3 times. Images of the cells were acquired from the CLSM.
4.2.12 Organotypic Co-culture of HDFs and HaCaTs
To fabricate double-layered skin like structure, HaCaTs were seeded on top of the HDFladen constructs at a density of 2×105 cm-2 and co-cultured under submerged condition in the
culture medium for 24h. The cell culture medium was then replaced with 600 µL differentiation
medium to expose HaCaTs to the air-liquid interface for 14 days to induce differentiation and
stratification. The differentiation medium was prepared as following: DMEM/F12 (3:1, v/v) was
supplemented with 10% FBS, 1% penicillin/ streptomycin, 1.8 mmol L−1 Ca2+, 5 μg mL−1 insulin,
0.4 μg mL−1 hydrocortisone, 0.02 nM triiodothyronine, 0.18 mmol L−1 adenine, 5 μg mL−1
transferrin, and 2 ng mL−1 TGF-α. The differentiation medium was changed on a daily basis.
HaCaTs seeded on the scaffolds without HDFs were cultured in the same manner and used as
control. HDF-laden constructs without HaCaTs were also cultured under same condition as
control.
4.2.13 Histology Analysis
After 14 days’ culture, the above constructs were fixed in 3.7% PFA solution in PBS at room
temperature for 1 h and rinsed in PBS. They were then embedded in paraffin block for H&E
histological and immunofluorescence staining. Sections of 10 μm thickness were cut using a
Reichert-Jung 2035 microtome, collected on SuperFrost™ adhesive microscope slides. After
dewaxing and rehydration, the sections were stained using the H&E staining kit following the
manufacturers’ protocol. The stained samples were mounted using DPX Mountant and sealed with
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coverslips. Photographs were taken by a Leica DM 750 microscope. Thickness of epidermis was
measured using the Image J software.
4.2.14 Immunostaining of the Double-layered Structure
Immunohistochemistry staining was performed to evaluate the differentiation of epidermal
layer and ECM deposition of dermal layer. After dewaxing and rehydration, the above described
sections were blocked and permeabilized in 0.1% (v/v) Triton X-100 and 10% donkey serum
overnight at 4 oC. They were then incubated with unconjugated primary antibodies for K10, Ecadherin, involucrin and loricrin from rabbit (1:100), respectively, overnight at 4 oC for epidermal
layer staining. Primary antibodies for collagen I, collagen III, fibronectin or elastin were used for
dermal layer staining. Samples were then rinsed with 0.1% Triton X-100 in PBS three times,
following by incubation with Alexa Fluor 488-conjugated donkey anti rabbit secondary antibody
(1:200) and incubated for 2 h in dark at 37 oC. After 3 times wash with PBS, cell nuclei were
counter-stained with 5 μg mL-1 DAPI for 10 min in dark at room temperature. After thorough
washing with PBS, the samples were imaged using the CLSM.
4.2.15 Statistical Analysis
Results were expressed as mean ± standard deviation, with at least three samples. One-way
ANOVA with post-hoc Tukey HSD Test were performed to analyze the statistical significance of
mechanical results. Two-way ANOVA with post-hoc Tukey HSD Test were performed to analyze
the statistical significance of results in proliferation study. Significance levels were set at *p<0.05,
**p<0.01 and ***p<0.001, respectively.

4.3 Results and Discussion
4.3.1 Optimization of HACA/alginate Ink Formulation
HACA with a 0.47 degree of functionalization was prepared by conjugation of dopamine
onto hyaluronic acid using EDC and sulfo-NHS as described previously.[22, 29] HACA can be
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chemically crosslinked by H2O2 and HRP, forming a highly elastic hydrogel. Tough and elastic
DN hydrogel can be obtained by mixing HACA with alginate, and crosslinking with H2O2/HRP
and CaCl2.[22]
To optimize the formulation of HACA/alginate ink with regard to printability, phase plots
were created for a series of HACA/alginate mixture with various concentrations. Creating phase
plots has been used as a useful method to identify printable ink formulations.[30] The
HACA/alginate mixtures were designated as HxAy, where x represents the concentration of
HACA and y represents the concentration of alginate. They were extruded onto glass slides from
syringes to visualize the phase (solution or gel) of the materials. All the tested formulations
exhibited gel phase, which was further classified into two forms (soft and robust). Soft gels were
likely to spread after extrusion, while robust gels could maintain shape after extrusion (Figure
4.1A). Among the tested formulations, H3A5, H4A4 and H4A5 were shown to be able to maintain
shape after extrusion, and these robust gels were then subjected to a swelling study. Additionally,
H3A5, H4A4 and H4A5 demonstrated typical shear thinning behaviour, featured by a decrease in
viscosity with the increase of shear rate (Figure 4.1B), which is favourable for extrusion-based
printing process.[31-33]
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Figure 4.1. (A) Phase plot of HACA/alginate with various concentrations. (B) Flow sweep of
H3A5, H4A4 and H4A5 solutions. (C) Swelling behaviour of HACA/alginate DN hydrogels in
cell culture medium. (D) In situ crosslinking rheology of H3A5 using H2O2/HRP and CaCl2 as
crosslinkers.
H3A5, H4A4 and H4A5 DN hydrogels were prepared by crosslinking respective mixtures
with H2O2/HRP and CaCl2. For swelling studies they were incubated in the cell culture medium
at 37oC. As shown hydrogels were rapidly swollen in the first 4 hours (Figure 4.1C), reaching
equilibrium at around 10 hours. H3A5 DN hydrogels exhibited the lowest swelling ratio at 125%,
while H4A4 and H4A5 DN hydrogels swelled to 136% and 140% after 48 hours’ incubation. The
results suggest higher concentration of HACA results in higher swelling ratio, consistent with the
previous study.[29] Hydrogels with a low swelling ratio are favourable for maintaining the shape
fidelity of printed structure under cell culture conditions.[34, 35] Additionally, the tested DN
hydrogels demonstrated similar elasticity (~110% strain at failure) and compressive modulus (~43
kPa) due to the similar polymer concentrations as discussed in chapter 4. Therefore, H3A5 was
selected for the following studies.
To further investigate the modulus change of H3A5 during crosslinking, in situ crosslinking
rheological tests were performed. Upon being extruded, the H3A5 was crosslinked by H2O2/HRP
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and CaCl2 that were delivered through the gelatin ink. As shown in Figure 4.1D, H2O2/HRP
mediated H3A5 crosslinking as reflected by the change in modulus occurred quite quickly over
the first 20 mins with the G’ increased from ~500 Pa to ~900 Pa, followed by further slower
crosslinking in the later 40 mins with the G’ increased to ~1070 Pa. CaCl2 mediated alginate
crosslinking took place within 10 s and resulted in an immediate increase of storage modulus of
H3A5 to ~3800 Pa, followed by further slower crosslinking in the later 40 mins with the G’
increased to ~4200 Pa. The G’ of double crosslinked H3A5 increased from ~4000 Pa to ~13000
Pa during the 60 mins. The rapid crosslinking kinetics is beneficial for stabilizing the printed
structure to retain the shape fidelity, which will be discussed in a later section.
4.3.2 Optimization of Thrombin-free Fibrin Gel for Cell Encapsulation
Fibrinogen was selected for encapsulation of HDFs due to its high cytocompatibility and
biodegradability. It is often crosslinked by thrombin to form fibrin gel.[36] However, thrombincrosslinked fibrin gels derived from low fibrinogen concentrations (Fn, n represents the
concentration of fibrinogen) (below 4%) are likely to contract due to gelation (Figure 4.2A),
failing to maintain the shape fidelity of the structure. While higher polymer concentration (>2%)
resulted in lower cell proliferation,[37] it is worth looking into approaches for preparation of fibrin
gels using a low concentration of fibrinogen but with limited contraction to maintain the shape
fidelity.
It was reported that self-assembly of fibrinogen could be induced by salt under conditions
similar to that encountered physiologically.[26, 27] This suggests that gelation of fibrinogen may
take place in cell culture medium. To verify this, fibrinogen solutions were prepared using the
DMEM cell culture medium for HDFS and incubated at room temperature. Interestingly,
fibrinogen solutions at lower concentrations (F0.5 and F1) formed visible gels within 10 min,
while fibrinogen with a concentration higher than 2% took much longer (over 1 h) to undergo
gelation in the cell culture medium (Figure 4.2B). Rheological studies were performed on the
fibrinogen solutions at various concentrations (0.1%, 0.5%, 1% and 2%) to better understand the
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gelation behaviour of fibrinogen in the cell culture medium. As shown in Figure 4.2C, the time
of gelation point (the point from which G’ becomes higher than G’’) increased from 300 s to 350
s with an increase in polymer concentration from 0.1% to 1%. F2 needed over 1 hour to form gel
in the cell culture medium. The longer time required for gelation of high concentration fibrinogen
could be ascribed to the limited ionic strength in the cell culture medium, which was in agreement
with a previous study that less nanofibers were formed in solutions with low salt
concentrations.[26]

Figure 4.2. (A) Thrombin-crosslinked fibrin hydrogels with various concentrations. (B) Gelation
of fibrinogen in cell culture medium at room temperature. (C) In situ crosslinking rheology of
fibrinogen in cell culture medium at 25 oC. (D) HDF-laden thrombin-free fibrin gels at day 7.
(Scale bar=5 mm)
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A

B

Figure 4.3. (A) Mechanical strength of thrombin-free fibrin gels with various concentrations and
thrombin-crosslinked 1% fibrin (F1-T) as comparison. (n=4, ***p<0.001) (B) SEM images of
thrombin-free and thrombin-crosslinked fibrin gels. (Scale bar=100 nm)
We further prepared HDF-laden F0.5, F1 and F2 gels, and incubated them in cell culture
medium to monitor the contraction of the gels. As shown in Figure 4.2D, there was no obvious
contraction for F1 and F2 gels after 7 days’ incubation, while F0.5 contracted to 81%. The
contraction was caused by the embedded cells, and weaker gels were less able to resist the
contraction force by the cells, thus lower mechanical strength of gels could result in higher
contraction.[38] Here the mechanical strength of fibrin gels decreased with the decrease of
polymer concentration (Figure 4.3A), resulted in increased contraction. Note that thrombin122
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crosslinked fibrin gels below 4% exhibited significant contraction (Figure 4.2A), indicating a
higher tendency towards contraction than thrombin-free fibrin gels. This might also be related to
the difference of mechanical properties between the two types of fibrin gels. The mechanical
strength of 1% thrombin-free fibrin gels (5.6 kPa) was significantly higher than that of 1%
thrombin-catalyzed gels (2.3 kPa). Moreover, we observed from SEM images that fibrinogen
catalyzed by thrombin formed less uniform and thinner nanofibers (~43.1 nm) than those (~80.1
nm) formed in thrombin-free cell culture medium (Figure 4.3B). The less uniform and thinner
nanofibers might provide weaker mechanical support, and thus be responsible for higher
contraction. The results indicate that self-assembly of fibrinogen in the cell culture medium is an
effective way to produce fibrin gels using a low polymer concentration with low contraction.
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Figure 4.4. (A) Cell viability of HDFs in thrombin-free fibrin gels. (n=4) (B) F-actin and nuclei
stained HDFs in thrombin-free fibrin gels from Figure 2D. (Scale bar=200 µm) (Fn, n represents
the concentration of fibrinogen)
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The HDFs encapsulated in the thrombin-free fibrin gels kept high viability (>91%) during
the 7 days’ culture without any significant difference (Figure 4.4A). To further observe the
morphology of the HDFs in the gels, the cells were fixed and sectioned on Day 7, F-actin and
nuclei of the cells were stained. As presented in Figure 4.4B, the fluorescent density was
significantly higher in gels with lower polymer concentration, indicating higher cell density of
HDFs in the fibrin gel with lower concentrations, which was in agreement with previous study.[37]
The results above suggest that fibrin gel prepared using current method with a low concentration
of fibrinogen can maintain high cell viability and shape fidelity. F1 was finally chose to
encapsulate HDFs in the following studies as it showed limited contraction while supporting high
cell viability and proliferation.
4.3.3 3D Printing and Fabrication of Cellular Constructs with Micro Channels
According to above results, H3A5 was selected as one of the ink components to provide
mechanical support of the printed scaffolds. 5% gelatin was printed together with H3A5 and used
as a sacrificial material to form inner channels in following steps. Prior to printing, H3A5 was
mixed with H2O2, and gelatin was mixed with HRP and CaCl2. Crosslinking was initiated once
the two ink formulations were brought into contact. As shown in Figure 4.5A, when only H3A5
was printed, the filaments were transparent and not crosslinked. When the H3A5 was printed on
a gelatin layer, H3A5 was crosslinked by calcium and H2O2/HRP in the gelatin-based ink, and the
filaments became brown due to the covalent crosslinking of HACA by H2O2/HRP. The printability
value of H3A5 was 0.97, falling in the range of 0.9-1.1 which was suggested as acceptable values
for good printability.[39] The inks could be printed into various patterns as demonstrated in
Figure 4.5B. The printed scaffolds were elastic and were able to recover after bending to a large
extent (Figure 4.5C)

124

Chapter 4 Fabrication of HACA based Scaffold for Skin Regeneration

Figure 4.5. (A) Printed structures using H3A5-based ink and H3A5/5% gelatin-based inks,
respectively. (Scale bar=1 mm) (B) Printed structures using H3A5 and 5% gelatin. (Scale bar=1
mm) (C) Recovery of printed H3A5/gelatin pyramid structure under deformation. (D) Example
of fabrication of double-layered skin like constructs. (E) Proliferation of HDFs in scaffolds with
or without inner micro channels. (n=4, *p<0.05. NC represents no channels, MC represents micro
channels) (F) F-actin and nuclei stained HDFs grown along the inner channels at day 7. (Scale
bar=50 µm)
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To fabricate cellular constructs, 1% fibrinogen containing HDFs were loaded to the printed
scaffolds. The constructs were kept at room temperature for 10 mins to allow gelation of
fibrinogen, following by incubation at 37 oC to dissolve gelatin. As shown in Figure 3D, inner
channels formed after removing gelatin at 37 oC. Inner channels are important especially in
fabricating thick cellular constructs to prevent formation of necrotic core.[40] The proliferation
rate of HDFs in scaffolds with or without inner channels were studied for a 7 days’ period. The
cells cultured in scaffolds with inner channels demonstrated a significant higher proliferation rate
as presented in Figure 4.5E. The cells grown along the channels on day 7 were stained and shown
in the Figure 4.5F, demonstrating high elongation. The above results suggest that the formulation
and fabrication approach developed here are able to produce elastic scaffolds that can support
high viability of HDFs. The formulation and approach were further applied to the fabrication of a
double-layered skin model in the following study.
4.3.4 Formation of Double-layered Skin Model
HDFs-laden constructs were prepared through the method as described above. HaCaTs were
seeded on the top of the constructs, cultured under submerged condition in growth medium for 24
h. They were then transferred into the differentiation medium and cultured at an air-liquid
interface (ALI) for 14 days. The histological image presented in Figure 4.6A indicated the
successful formation of a double-layered structure that was similar to native skin,[41-43] in which
the keratinocytes in the top of the epidermal layer demonstrated flattened morphology, while the
bellow basal keratinocytes exhibited columnar morphology. The thickness of the epidermal layer
on day 14 was 81.4 μm, which was within the range of native human epidermis (70-150 μm).[44]
The thickness of epidermal layer formed from constructs with HaCaTs only was similar to that
from co-cultured constructs. However, the cells were randomly distributed and demonstrated
morphology less similar to native skin, indicating that HDFs might promote the maturation of
epidermis formed by HaCaTs.
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Figure 4.6. (A) Histological images of the fabricated double-layered skin like constructs after 14
days’ culture. (B) K10, E-cadherin, involucrin and loricrin stained epidermis of the double-layered
constructs after 14 days’ culture. (C) Collagen I, collagen III, fibronectin and elastin stained
dermis of the double-layered constructs after 14 days’ culture. (Scale bars=50 µm)
Key proteins, including E-cadherin, keratin 10, involucrin and loricrin, expressed by the
HaCaTs were detected via staining (Figure 4.6B). They were detected in both co-cultured
constructs and HaCaTs only constructs (Figure 4.7). The cell-cell junction protein E-cadherin
confirmed the formation of a confluent cell monolayer, which was of great significance for
subsequent homogeneous epidermal stratification and retaining the properties of intact
epidermis.[45] K10 is a late differentiation marker represented by the suprabasal keratinocytes in
the neoepithelium.[46] Involucrin and loricrin are terminal differentiation markers expressed by
keratinocytes, which are responsible for forming a cornified cell envelope structure.[47-49] This
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structure, together with the functional tight junctions and stratified architecture of confluent
keratinocyte, is key to the protective barrier function of epidermis.[50, 51]

Figure 4.7. K10, E-cadherin, involucrin and loricrin stained epidermis of HaCaTs only on the
scaffolds after 14 days’ culture. Collagen I, collagen III, fibronectin and elastin stained constructs
with HDFs only in the scaffolds with or without channels after 14 days’ culture. (Scale bars=50
µm)
The ability of the dermal layer to express ECM in the double-layered skin model was also
studied and presented in Figure 4.6C. Collagen I and III, elastin and fibronectin are the main
components of ECM in skin tissues,[52] and they were all detected in the dermal layer of the cocultured constructs and HDFs only constructs (Figure 4.7). However, collagen I and collagen III
were significantly less in scaffolds without channels than in those with channels. The results
indicated that the presence of channels facilitated the ECM production of HDFs, which is
consistent with the result of cell proliferation study presented in Figure 4.5E. Collagen I is the
most abundant protein in human skin and determines the stiffness of the skin,[53] collagen III
acts to modulate the mechanics,[54] elastin is a key extracellular matrix protein that is critical to
the elasticity of skin,[55] and fibronectin plays a critical role throughout the process of wound
healing.[56] The ability of the HDFs to produce the key ECMs found in the native dermal layer
suggested the potential of these scaffolds in facilitating dermis regeneration.
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The expression of specific proteins in both epidermal layer and dermal layer suggested the
formation of a mature double-layered skin structure from the fabricated constructs. The
formulation and fabrication approach developed here is promising in supporting full thickness
skin regeneration.

4.4 Conclusion
In this study, we have demonstrated the use of 3D fabrication to produce cellular constructs
with excellent mechanical properties, high cytocompatibility and with inner micro channels. In
this approach, HACA/alginate and gelatin were firstly fabricated by extrusion 3D printing,
followed by introduction of cell-laden fibrinogen that undergo gelation within the printed
scaffolds, and removal of gelatin to form inner channels. The printed structure demonstrated high
elasticity, and provided a higher proliferation rate for HDFs than the structure without inner
channels. HDFs and HaCaTs co-cultured in the scaffolds formed a double-layered skin like
structure, and expressed specific proteins found in both native dermal and epidermal layers. The
results suggested that the formulation and fabrication approach reported here is promising for skin
regeneration. Further in vitro and in vivo studies and combination of the construct with other cell
types such as endothelial cells and neural cells can be conducted in order to expediate application
in developing skin grafts with improved biological functions.
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5.1 Conclusion
Seamless integration of a tissue-engineered graft with host tissue is an essential requirement
for any tissue engineered construct. Furthermore, a tissue engineered construct needs to meet both
biological and biophysical requirements as dictated by the specific application. The work
presented in this thesis has addressed the above requirements separately by developing catecholderived tissue glue and catechol-derived inks for 3D printing bioscaffolds.
In Chapter 1, the progress of developing catechol-functionalized polymers for tissue
engineering was reviewed, from material design to specific applications. HA was then selected as
the backbone for catechol functionalization in the following studies, mainly attributed to its high
biocompatibility, bioactivity, and viscoelasticity.
In Chapter 2, HACA samples with different DOF were prepared and characterized. The one
with a DOF of 0.47 (HACA0.47) exhibited the lowest swelling ratio and highest adhesion to
porcine skin and collagen/gelatin gels which simulated native tissue. Therefore, HACA0.47 was
selected for further studies. To further improve its performance for the application as tissue
adhesive, PLL was incorporated and the HACA/PLL composite demonstrated higher bioadhesion
and cytocompatibility to an endothelial cell line (HUV-EC-Cs).
In Chapter 3, HACA0.47 was formulated with alginate for the application as an ink. The
HACA/alginate ink demonstrated good printability and formed elastic double network with high
fracture energy after crosslinking. A coaxial nozzle was equipped to print a core-shell structure,
where HACA/alginate located in the core and proteins such as gelatin could locate in the shell.
The proteins could be integrated with HACA/alginate during printing through Michael addition
with the catechol groups in HACA, improving cell interactions. The printed scaffolds
demonstrated high cytocompatibility and supported the differentiation of myoblasts into aligned
myotubes.
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In Chapter 4, the HACA/alginate ink was further combined with other biomaterials to
produce tough and elastic scaffolds with built-in micro channels that simulate the vascular
structure. A skin model was designed to evaluate the cytocompatibility of the scaffolds. The micro
channels were generated using sacrificial gelatin. HACA/alginate and gelatin were firstly printed
using a 3D extrusion printer. Fibrinogen was then mixed with dermal fibroblasts and introduced
to the printed scaffolds. The fibrinogen formed gel within the scaffolds, after which keratinocytes
were introduced on top of the scaffolds to mimic the full thickness skin structure. The printed
scaffolds demonstrated high elasticity and supported the formation of a double-layered and cellladen skin like structure.

5.2 Future outlook
Despite the efforts reported in this thesis, there are still some aspects to be improved towards
practical applications.
Firstly, to provide strong adhesion to tissue, the adhesives should form strong interactions
with the tissue, and generate tough and elastic matrixes that can dissipate energy. Although we
improved the adhesion and biocompatibility of HACA by incorporation of PLL, the overall
adhesion was still weak, limiting the application to small and soft tissues. The composition of the
formulation and molecular context shall be further designed to develop tissue adhesive with strong
mechanical strength in the future, targeting at applications such as cartilage and bone repair. For
example, multiple hydrogel network can be designed by incorporating other polymer with
excellent mechanical strength, such as polyacrylamide, into HACA to form a tough matrix, with
free catechol groups to form interactions with tissue. Specifically, acrylamide monomers could be
mixed with HACA and crosslinked to form polymer network with HACA molecules distributed
in the network. The crosslinking condition could be controlled to form polyacrylamide with
different molecular weight, resulting in hydrogel matrix with various toughness. Except for the
improvement of adhesion, further in-depth animal study is also necessary to evaluate the in vivo
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behaviour of the adhesive. For example, the effect of the adhesive on wound healing could be
studied by applying the adhesive to pre created wounds on the skin of mice or rabbits. The rate of
wound closure could be measured, and the inflammatory response could be studied through
immunostaining of the wound tissue. The biodegradability could also be studied by embedding
hydrogel samples subcutaneously in small animals such as mice or rabbits.
Secondly, there is still more to be exploited with regards to fabrication of catechol-based
scaffolds for tissue engineering. Catechol offers multiple crosslinking strategies for gelation of
the inks for 3D printing such as oxidation, metal-complexation and boronate-complexation. In
this thesis, the HACA-based inks developed here were crosslinked through oxidation and then
used for loading cells. For inks with encapsulated cells, it might be good to choose more mild
crosslinking mechanism such as the catechol boronate-complexation, to avoid the potential
toxicity of the oxidants. Moreover, it would be interesting to combine the scaffold and adhesive
developed here for in vivo study in the future to observe the integration between the scaffold and
native tissue, moving the materials towards clinical applications.
Finally, the systems presented here can also be explored for drug delivery, or in combination
with tissue engineering application to improve the therapeutic efficacy. For example, the
reversible interactions between catechol and boronate/ferric ions for pH-responsive is very
interesting for controlled drug delivery. Bortezomib is a typical boronate-bearing anticancer drug,
which is used to treat multiple myeloma and mantle cell lymphoma. The drug can be conjugated
onto catechol-functionalized polymers via pH-sensitive linkage to serve as drug carriers that are
stable in neutralized solution but release the drug in acidic environments such as that at tumors.
The drug release profile can be studied in vitro to determine the loading amount of the drug.
Controlled and/or targeted drug delivery can certainly reduce the damage of the drug to normal
cells or tissue. Therefore, it would be fascinating to introduce promising drugs to catechol-based
adhesives and inks for controllable drug delivery to improve the therapeutic effect of the material
in the future.
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